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Toward the Development of Lab-on-a-Chip Applications 
Jorge J. Capurro 
Moses Noh 
 
 
 
 
AC electrokinetics is a versatile technique for manipulating particles and fluids for potential 
use in Lab-on-a-chip applications.  However, predicting and analyzing the motion of 
particles and fluids due to AC electrokinetic effects is a difficult task because it requires the 
solid combined understanding of multiple phenomena such as Dielectrophoresis, AC 
Electroosmosis, and Electrothermal Effects.  These phenomena have typically been studied 
individually and little information is available with respect to their combined effects.  To 
study the combined effects, an AC electrokinetic force balance model was proposed and 
validated as a novel technique to characterize and further enhance the understanding of AC 
electrokinetic effects.  The model is based on net force exerted on a particle due to the 
interaction between AC electrokinetic effects and external pressure-driven flows. 
 The research presented in this thesis includes the qualitative understanding of the 
motion of particles due to AC electrokinetic effects without any external forces, and the 
quantitative understanding of the motion of particles and fluids due to the interaction of AC 
electrokinetics effects with well-controlled pressure-driven flows.  Over the course of the 
research, simulation and numerous experiments were conducted using 2 µm, 3 µm and 4.6 
µm polystyrene particles in various configurations.  The experimental and simulation results 
at various parameter conditions yielded the discovery of several effects critical to the 
understanding of AC electrokinetic phenomena, in particular AC Electroosmosis. 
 The characterization of AC electrokinetic effects using the AC electrokinetic force 
model predicted the AC electroosmotic forces acting on the particles and AC electroomotic 
bulk velocity profiles.  These results greatly contribute to the verification and understanding 
of the area of AC electroosmosis.  The use of this model not only allows for the 
characterization of the AC electrokinetic effects but also can be used to generate qualitative 
and quantitative results that can lead to techniques toward the development of Lab-on-a-
 xii 
Chip applications.  These techniques only await further studies and demonstration and are 
related to separation, controlled transport, sensing and mixing of particles in the life sciences 
and biomedical technologies. 
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CHAPTER 1: INTRODUCTION 
The scope of this research further pursuits the understanding of AC electrokinetic (ACEK) 
phenomena.  It is hypothesized that the ACEK effects that result simultaneously can be a 
useful multi-task tool for the manipulation of target particles and fluids.  This idea was 
verified through theoretical research, experimental demonstrations, numerical simulation, 
qualitative and quantitative analysis.  The final goal was to characterize the ACEK forces 
using pressure-driven flows toward the development of Lab-on-a-Chip system applications. 
1.1 Lab-on-a-Chip System  
The rapid advancements in microfabrication technologies have enabled a major interest to 
develop Lab-on-a-Chip (LOC) systems for over twenty years.  LOC systems have a strong 
potential to out-perform conventional processes in the life sciences and may open the way to 
technologies of the never dreamed possibilities at the micro and nano scale.  These 
technologies are related to areas focusing in genomic and proteomic research1, in vitro and in 
vivo research2, environmental testing3, point-of-care kits4, homeland security5, and others.  
The aims of these technologies are to perform rapid bio/chemical analysis while reducing the 
consumption of analytes to very small volumes.  LOC systems have the advantage to provide 
rapid sample preparation, increase efficiency, decrease processing time, and mass-produce 
cost-effective portable devices.  Despite the tremendous potential and progress of LOCs in 
recent years, scaling down conventional laboratories processes is a very difficult task as the 
scale properties become enormously important.  Thus, the general understanding behind the 
physics and mechanisms needed to make these technologies a reality have not been 
completely unfolded and remain to be a significant challenge.  
LOC systems can be classified as microfluidic handheld devices that can integrate 
one or several laboratory functions on a single miniaturized chip.  Some functions range from 
the manipulation6, separation7-12, concentration13, 14, characterization15, mixing16, 17 and 
detection18 of single or en masse bioparticles or synthetic particles.  These functions result 
from techniques that involve optical tweezers19, 20, ultrasound21, magnetic22-24, fluorescence25, 26, 
and electric field-based27 approaches.  Among these, the latter is best suited since it only 
requires microelectrodes that can be designed specifically to generate single or multiple 
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functions.  Electric field-based approaches are classified depending on the direction of the 
electric charge flow that can be unidirectional (DC) or can be reversed cyclically (AC).  The 
DC case known as DC electrokinetics (DCEK) has been studied for many years and it is a 
well-known area of research.  In the other hand, ACEK has not been completely understood 
due to the complexity created by the combined range of operational conditions.  Despite the 
complexity of ACEK, ongoing efforts are still been pursuit to fully understand the effects of 
this approach that will eventually lead to the faster development of effective LOC 
applications and devices. 
Microfabrication techniques allow for the development of LOCs but have made the 
miniaturized world even larger.  The need to study the physical mechanisms in the micro 
and nano scale can now be possible, but vastly complex.  Different types of structures of 
different materials can now be constructed to realize specific or multiple tasks.  One of the 
most important tasks in LOC systems is to understand the composition of the target particle 
and to unfold the mechanisms used to achieve manipulation efficiency.  Normally, 
microfluidic environments are composed of microchannels filled with a suspension 
containing target particles.  The idea is to manipulate the medium and the particles while 
subjecting the system to external forces.  In this research, ACEK phenomena was 
qualitatively and quantitatively explained in the simplest case in order to efficiently be able 
to design more complex electrode arrangements for particular functions using AC electric 
fields. 
1.1.1 Vehicle 
A simple LOC device is composed of microchannels revealing microfluidic networks and 
components that can allow the actuation of certain external inputs.  In electric field-based 
approaches, microelectrodes are the most important components necessary to provide an 
electrical excitation.  The arrangement of the microelectrodes directly determines the 
distribution of the electric field and the desired function to effectively manipulate particles 
and fluids.  In addition, a well-designed microchannel can also provide certain advantages 
pertaining to gravitational and hydrodynamic effects.  Each microchannel and 
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microelectrode combination can be unique where its design primarily depends in the general 
physical understanding of the applied techniques. 
1.1.2 Environment 
The environment within the microchannel is usually composed of target particles suspended 
in a medium.  Target particles such as latex beads28-32, cells33, 34, viruses35, 36, proteins37, DNA37, 
38, carbon nanotubes39, etc have been manipulated using ACEK techniques.  Evidently these 
particles can be classified into various types and possess different characteristics such as 
material composition, size, shape and physical properties that become significant when 
exposed to an external force.  The particles may be solids or shells with multi-layers; 
containing physical properties that range from having a fix electric charge or dielectric 
properties such as permittivity and conductivity.  The size of the particle is an important 
factor as it determines the surface properties of the material and how a particle may react to 
the exposure of external forces.  One major application in microfluidics is precisely to achieve 
characterization of the properties of these particles15. 
The medium in which these particles are suspended is a liquid that has physical 
properties such as viscosity, density, pH, permittivity and conductivity that vary with 
temperature.  The medium plays an important role not only for acting as the carrier of the 
suspended target particles, but also because it may be used as a manipulative source.  When 
a liquid is in contact with an object, a structure consisting of ions is created: the double layer.  
This double layer can be used to create viscous stresses and generate fluid motion.  Thus, 
particles may be transported and manipulated by induced or external viscous fluids. 
1.1.3 External Forces 
The manipulation of particles and fluids cannot be implemented without the use of external 
forces.  External forces fall into two categories: random and deterministic forces40.  Random 
forces such as Brownian motion, do not lead to a net unidirectional particle movement since 
there is little control.  On the other hand, deterministic forces provide flexibility when trying 
to manipulate particles and fluids.  Forces due to electric fields and pressure-driven flows are 
deterministic forces and provide the advantage that can be better controlled. 
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Figure 1:  AC electrokinetic phenomena deterministic parameter conditions. 
 
 
Electrical forces can either be generated when a DC or AC electric field acts both on 
the particles and the medium.  Particles with charges or induced charges undergo motion 
when subjected to uniform and non-uniform electric fields.  In the case of the suspending 
medium, motion occurs when the electric field produces charge density variations or 
temperature gradients in the fluid.  Drag forces on particles result from external a pressure-
driven flow or flow induced by electric fields and gravity.  Consequently, predicting the 
motion of particles due to the combination of electrical forces and drag forces can become a 
difficult task. 
1.2 AC Electrokinetic Phenomena 
The motion of particles and fluids due to AC electric fields is defined as ACEK.  The effects of 
ACEK depend greatly in processes relating to interfacial polarization, electric double layer 
formation and fluid heating.  As a result, three major manipulative phenomena arise: 
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Dielectrophoresis (DEP)41, AC Electroosmosis (ACEO)42-44 and Electrothermal Effects (ETE)16, 
45.  Each phenomenon occurs simultaneously but their magnitude depends on the frequency 
of the electric field and other parameter conditions as shown in Figure 1.   Consequently each 
phenomenon can predominate over another or a combination of phenomena effects can be 
possible, providing flexibility to manipulate particles and fluids46, 47. 
DEP is an area of study where a suspended particle interacts with a non-uniform 
field and can be manipulated based on the polarizability between its physical properties and 
those of the medium.  The theory behind DEP has been already established and has led to 
various manipulative techniques40.  The overall understanding, in the other hand, can be a 
little complex based on the physical properties of the target particles and the microelectrode 
arrangements to generate the non-uniform electric fields.  DEP has been applied to separate 
and manipulate particles of different sizes, physical properties and shapes.  For planar 
interdigitated electrodes, particles have been shown to collect at the edges of the electrode 
due to high electric field regions under positive DEP and travel away towards the low region 
of the electric field under negative DEP47. 
Unlike DEP, ACEO and ETE are hydrodynamic phenomena and cause fluid 
motion40.  ACEO arises from the interaction of free counter ions near the surface of the 
electrode and the tangential component of the AC electric field.  ACEO is easier visualized 
under an array of planar interdigitated parallel electrodes that can be symmetrical or 
asymmetrical.  When the electrode array is symmetrical, the spatial bulk fluid is dragged 
along the direction of the moving free counter ions generating even rotational vortices.  In the 
other hand, when the electrodes are asymmetrical, the rotational vortices are uneven and 
cause fluid flow in one direction due to the bulk flow unbalance.  In either case, the velocity 
of the fluid near the surface of the electrode is highest near the edge of the electrode and 
decreases as it moves further away towards the center of the electrode.  ACEO is known to be 
dominant at low frequencies of the applied field and low conductivities of the medium42. 
ETE is the motion of a fluid caused by temperature gradients induced by joule 
heating16.  These temperature gradients create fluctuations in the electrical conductivity and 
permittivity of the fluid.  These fluctuations, in turn, induce fluid motion through their 
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interaction with the electric field.  Normally ETE is dominant at large voltages, large 
frequencies and high conductivities.  ETE has been mainly used as a mixing mechanism since 
controlling the induced fluid motion can be difficult. 
Each of the ACEK phenomena causes dramatic, organized and often rapid particle 
motion.  With larger particles (greater than 1 µm), collection may occur within seconds and 
particles may move at hundreds of microns per second.  Typically, DEP and ACEO are both 
used for particle collection while mixing applications can be performed using ACEO and 
ETE.  An important factor that has great control over which ACEK phenomena may 
predominate toward the design of particular manipulative applications is media 
conductivity.  High conductivity media that is physiologically relevant prohibits positive 
DEP and ACEO.  By taking advantage of the flexibility of the phenomena magnitudes by 
varying the applied frequency of the electric field, a combination of these ACEK phenomena 
may provide a more rapid understanding of particle manipulation under AC electric fields. 
1.3 Proposed ACEO Force Balance Model 
The motion of particles in a fluid suspension under non-uniform AC electric fields is 
governed by the combination effects of ACEK phenomena such as Dielectrophoresis, AC 
Electroosmosis and Electrothermal Effects.  Dielectrophoresis induces motion on 
polarizable particles toward high or low regions of non-uniform electric fields, while 
ACEO and ETE induces fluid motion that can impose viscous drag and lift forces on 
particles.  Gravitational forces and random forces such as Brownian motion can also 
impact the motion of the particles with respect to their size.  In addition, even when 
particles are in contact with a charged surface in an aqueous solution, interacting surface 
effects may impose a force on the particles.  Considering these forces independently, the 
general net force acting on particles under such conditions can be expressed as: 
 
 
  
! 
r 
F Net =
r 
F DEP +
r 
F ACEO +
r 
F ETE +
r 
F GRAV +
r 
F Brownian +
r 
F Surface  (1) 
 
This general form of the net force exerted on single particles can be conditioned by 
certain operational parameters which allows to neglect certain forces.  The frequency and 
 7 
conductivity dependence of ACEK effects allows for the predominance of one 
phenomenon over the other.  At low conductivites, ETE becomes negligible while DEP 
and ACEO compete with each other at low frequencies of the electric field.  For particles 
larger than 1 µm in diameter, brownian motion also becomes negligible.  Since the 
determination of surface effects have not been clearly studied, this force is not accounted.  
With the inclusion of a pressure driven flow, hydrodynamic forces such as drag and lift 
forces also act on the particles while competing against dominant ACEK effects.  The net 
force for characterizing any force at the given operational conditions becomes: 
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1.5 Achievements of this Research 
Despite the great advances in the concept of ACEK effects individually, very little 
information has been documented in the combination effects of ACEK phenomena.  The 
combination of ACEK phenomena model is a novel concept that can lead to a variety of 
discoveries within the field of manipulating particles and fluids.  Numerous experiments 
were conducted to understand the motion of particles under AC electric fields and pressure-
driven flows.  The behavior of particles and fluids were qualitatively and quantitatively 
analyzed which led to further enhancement of the overall understanding of ACEK.  
Consequently, ACEO effects were characterized and simulated using the ACEK force balance 
model.  The ACEO forces acting on a particles and ACEO bulk velocity profiles were 
determined at various parameter conditions.  These results further improve the 
understanding behind ACEK.  The outcome of this research can lead to various applications 
toward the development of LOC systems in the life sciences. 
1.6 Thesis Outline 
This thesis consists of eight chapters.  A brief description of each is presented: 
Chapter 1: Introduction - Provides the scope of this thesis and the final goal.  Presents the 
LOC technology and it’s great potential toward applications in the life sciences.  The 
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background of ACEK is introduced as a convenient technique for the development of LOCs.  
Finally, introduces the concept of the combination of ACEK phenomena. 
Chapter 2: Theory – Introduces the theoretical background behind ACEK phenomena such 
as DEP, ACEO and ETE.  Finally, a brief introduction to fluid dynamics is presented for 
Stoke’s flows. 
Chapter 3: Experimental Fabrication and Methods – This chapter presents in detail the 
fabrication and experimental methods implemented in this thesis.  Two experimental 
strategies were introduced that will lead to realization of the goals proposed.  The simulation 
methods are also included. 
Chapter 4: Static Motion Sequence – This chapter provides detail results and analysis of the 
motion of different sized-particles with respect to varying frequency of the applied voltage.  
The motion of the particles was qualitatively characterized with respect to ACEK 
phenomena. 
Chapter 5: Dynamic Motion Sequence – In this chapter, a pressure-driven flow was used to 
compete against the ACEK forces simultaneously.  The system was fixed at a particular 
frequency and external fluid flows were activated.  Detailed results and quantitative analysis 
are presented toward the understanding of the combination of ACEK phenomena. 
Chapter 6: Simulation and Calculation of Forces – Simulation of ACEK phenomena is 
presented.  Data collected through the simulation was used for the calculation of the ACEK 
forces to resemble the motion of the particles demonstrated in the previous chapters.  
Quantitatively analysis with respect to the forces acting on the particles was used toward the 
validation of the combination of ACEK phenomena effects. 
Chapter 7: Force Balance Model – This chapter introduces a novel technique to calculate 
ACEO forces with respect to the balance of forces.  It provides detailed analysis with respect 
to the validation of the current accepted DEP calculation near high electric fields. 
Chapter 8: Conclusions – Presents a summary of the new lessons learned using the 
combination of ACEK phenomena model.  Challenges in this field are presented and 
suggestions for future work are provided.  Finally, applications for various manipulative 
techniques using the proposed model are suggested. 
 9 
CHAPTER 2: THEORETICAL BACKGROUND 
The study of the phenomena that result from electrical fields has been pursuit for decades.  In 
this research, phenomena that arise from AC electric fields were used to manipulate particles 
and fluids.  Thus, it is paramount to understand the accepted theoretical background behind 
ACEK effects.  Nonetheless, before introducing and trying to explain ACEK, the classical 
theory behind DCEK must be first understood and taken as reference.  Electrophoresis and 
DC Electroosmosis (DCEO) are phenomena that arise in a uniform field and are parallel to 
the phenomena that arise in non-uniform electric field.  In addition, since pressure driven 
flows were used to further understand ACEK effects in this research, the theoretical 
background behind Stoke’s drag exerted on an object near a surface is also examined.  The 
objective of this chapter is to grasp the necessary information of each phenomenon toward 
the qualitative and quantitative understanding of the motion of particles and fluids. 
2.1 DC Electrokinetics 
The motion of particles and fluids due to DC electric fields is classify as DC Electrokinetics 
(DCEK).  DCEK is a very well known area of research and has been under study for over 100 
years.  Two major phenomena can arise due to the excitation of a DC electric field to a 
suspension of particles in a microchannel:  Electrophoresis and DC Electroosmosis.  The need 
to develop LOCs has made DCEK an undesirable technique due to certain limitations.  DCEK 
causes hydrolysis, generates pH gradients, and requires high voltages for operation. 
2.1.1 Electrophoresis 
Electrophoresis is the motion of a charged particle in a medium due to a uniform field and is 
easiest illustrated in Figure 2a.  When a charged particle is placed in a uniform field, it feels a 
net force producing particle motion.  This is the electrophoretic force acting on the particle. 
2.1.2 DC Electroosmosis 
All surface charges in contact with a conductive liquid create an induced electric double layer 
(EDL).  The EDL is composed of an immobilized charged layer at the surface and an opposite 
charged layer that can move freely as illustrated in Figure 2b.  When a uniform field parallel 
to the surface is applied, the freely charged layer migrates in an electrophoretic manner and 
the bulk liquid is dragged in the same direction by shear forces.  The direction and flow rate  
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Figure 2:  Motion of charged particles and fluids under uniform electrical fields (a) 
Electrophoresis. (b) DC electroosmosis. 
 
 
of the DC electroosmotic flow depends on various factors relating to the applied voltage, 
concentration of the medium, surface charge density of the channel, temperature and other 
physical properties. 
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All surface charges in contact with a conductive liquid create an induced electric double layer 
(EDL).  The EDL is composed of an immobilized charged layer at the surface and an opposite 
charged layer that can move freely as illustrated in Figure 2b.  When a uniform field parallel 
to the surface is applied, the freely charged layer migrates in an electrophoretic manner and 
the bulk liquid is dragged in the same direction by shear forces.  The direction and flow rate 
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2.2 AC Electrokinetics 
The brief explanation for DC Electrokinetic effects is very important to quickly understand 
the theory of AC Electrokinetics.  Although both effects are relative similar in the way 
particles and fluids are manipulated, there is definitely certain advantages that ACEK have 
over DCEK.  In ACEK, high electric fields can be generated at very low voltages, the effects of 
electrolysis can be greatly reduced, the pH of the medium does not change and the applied 
voltage can induce charges at the surface of the electrode in order to generate motion of the 
fluid.  In relation to particle manipulation, the most paramount difference with DCEK is the 
fact that particles do not need to possess a charge.  All these advantages make ACEK a hot 
tool for LOC systems applications. 
2.2.1 Dielectrophoresis 
In contrast with Electrophoresis, DEP does not require a particle to have an electric charge or 
a uniform electric field to induce motion.  DEP is the motion of a non-charged particle in a 
medium due to a non-uniform DC or AC electric field.  The key to understanding DEP lies in 
the interaction of the applied electric field with the interfacial polarization between the 
particle and the medium.  DEP can be simply understood by comparing the cases of uniform 
and non-uniform electric fields as illustrated in Figure 3.  In Figure 3a a neutral particle with 
no charge is suspended in a medium with different electrical properties, and placed in a 
uniform field.  The neutral particle experiences a dipole moment but does not feel a net force 
since each half of the induced dipole feels opposite and equal forces, therefore creating no 
movement.  While in Figure 3b, the neutral particle is now placed in a non-uniform electric 
field, experiencing different induced dipole moments at each half and producing different 
force magnitudes, thus creating a net force that results in motion. 
The dielectrophoretic force magnitude and direction acting on a particle is caused by 
the interfacial polarization between the particle and the medium in a non-uniform electric 
field.  The particle may experience a net force either in direction toward the electric field 
maxima or minima.  When a particle is attracted to higher fields is understood to be under 
positive dielectrophoresis (pDEP), while negative dielectrophoresis (nDEP) occurs when the  
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Figure 3:  Motion of a neutral particle under uniform and non-uniform electric fields.  (a) No 
net charge, no motion. (b) Dielectrophoretic motion created by a net force. 
 
 
particle is attracted to the lower fields as shown in Figure 4.  For a homogeneous dielectric 
particle in an aqueous solution in an AC electric field, the DEP force can be written as40 
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where 
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E
r
is the complex conjugate of the electric field E
r
and 
! 
p(")  is the effective dipole 
moment for a spherical particle and can be written as 
 
 
   
! 
p(") = 4#$mr
3
K(")
r 
E  (4) 
 
 
 
where !m is the permittivity of the medium, r is the radius of the particle and )(!K  is the 
Clausius-Mossotti (CM) factor.  The CM factor is an indicator that predicts the direction of 
the net force and is expressed as 
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Figure 4:  Positive and Negative Dielectrophoresis representation. 
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where !*p and !
*
m are the complex permittivity of the particle and the medium 
respectively.  The complex terms depend on the pemittivity ! and conductivity " of the 
particle and medium and varies with respect to the angular frequency # of the AC 
electric field.  The conductivity " of the particle is the sum of the bulk and surface 
conductivities.  Changing the size of the particle changes the overall conductivity.  For a 
solid sphere the surface conductivity is 
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where Ks  is the surface conductance and r is the radius of the particle. 
Combining all the information provided above, the time-averaged DEP force exerted 
on a spherical particle that is normally accepted is expressed as 
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where [ ])(Re !K  is the real part of the CM factor.  [ ])(Re !K  ranges from -0.5 and 1 and 
can partially determine the magnitude of the force.  Lastly, $|%rms|
2  is the gradient of the 
electric field square of the rms electric field and directly determines the magnitude of the 
force.  Since the particle can either be attracted or repelled from the higher fields, it can 
be established that the particle travels with respect to the force at a terminal velocity as 
given by the Stokes theory28 
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where & is the viscosity of the medium.  At a certain frequency, the crossover from pDEP 
to nDEP takes place as the force becomes null.  The crossover frequency equation which 
can be employed to characterize the dielectric properties for a spherical particle is 
expressed as 
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2.2.2 AC Electroosmosis 
Green, Ramos et al. have pioneered the study of AC electroosmosis.  Their work has led 
to a new area in AC electrokinetics where particles can be manipulated via viscous 
interactions and fluids can be pumped.  When an AC electric field is applied to co-planar 
electrodes in a suspension, an added charge is coupled with the double layer created by 
the counter ions.  The presence of the added charge on the electrode increases its intrinsic 
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charge during one-half cycle and reduces it during the another half-cycle, creating a net 
potential difference.  This effect allows the tangential component of the AC electric field 
to exert a force on the charges in the double layer causing gradual motion.  Such 
movement of the ions in the double layer pulls the bulk fluid surrounding them, 
generating a net fluid motion.  The AC electroosmosis slip velocity for coplanar parallel 
electrodes is expressed as20 
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where x is the distance from the center of the gap between two electrodes, Vo is the 
pontential amplitude applied, ' is the ratio of capacitance in the diffuse CD and stern CS 
layers given by '=CS/(CS+CD)  and ( is the nondimensional frequency
20 
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where ) is the the reciprocal Debye length of the double layer.  For symmetrical parallel 
planar electrodes, the fluid velocity is highest near the edge and decreases toward the 
center of the electrode.  Such effect creates a high presure region in the center of the 
electrode causing equal counter vortices on the electrode as shown in Figure 5. 
 The derived analytical solution for ACEO velocity near the surface of co-planar 
electrodes was postulated based on experimental results which were described as a 
circuit linear model and a double layer model20, 21.  The experimental measurement of the 
ACEO velocity was obtained as the motion of nanoparticles were observed at about 1 µm 
from the surface of the electrode through a horizontal lens and recorded by a camera20.  
Thus, the ACEO slip expression does not predict approximate velocities along the surface 
and the edge of the electrode.  In fact, an adapted coeffecient must be applied to obtain 
reasonable velocity approximations with respect to published experimental results.  
Besides the assumption of perfectly polarizable electrodes, the simple circuit model  
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Figure 5:  Particle and fluid motion due to AC electroosmosis. 
 
 
equation derived does not provide good correlation as a function of conductivity.  This 
constraints prevents to accurately simulate ACEO effects.  Therefore, a more practical 
and accurate technique is necessary to obtain the ACEO velocities across any electrode 
design to enable the simulation of this effects for various operational conditions. 
2.2.3 Electrothermal Effects 
Like ACEO, ETE is a hydrodynamic phenomena and acts on a suspended particle only 
through fluid drag as shown in Figure 6.  The passage of current through the bulk fluid 
causes Joule heating according to the expression 
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where k is the thermal conductivity, T is temperature in Kelvin, " is electrical conductivity 
and E
r
 is the magnitude of the electric field.  In this equation, the unsteady and convection 
terms are neglected.  In order to determine the effect of the thermal gradients on the fluid 
motion, the conductivity and permittivity gradients must be determined.  This is done using 
following relationships that show the dependence of the electrical permittivity and 
conductivity on the temperature of a liquid48 
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Next, the electrohydrodyanamic force (FETE) caused by the conductivity and permittivity 
gradients is calculated according to the time-averaged electrothermal force equation per unit 
volume29.  This neglects the resulting fluid convection, which is slower than the charge 
organization.  This force is as follows 
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where II is a unit-less function of frequency 
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where ! is the charge relaxation time equal to (!/").  " determines the direction of the force 
and also plays a role in determining its magnitude.  When the left term is greater than the 
right, " is positive and the fluid flows from the electrode edge to the center (the same as for 
ACEO).  For negative values of ", the flow pattern is in the opposite direction. 
The fluid velocity can be calculated using FETE as a body force on the liquid once the 
temperature gradient and electric field are known.  It is important to note that both gradient 
of temperature and electric field are functions of amplitude.  Though temperature gradient  
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Figure 6:  Fluid motion due to Electrothermal Effects 
 
 
 
depends on the geometry of the system, analytical approximations for similar geometries 
estimate this temperature gradient to be proportional to voltage to the fourth power. 
Generally, when frequency or conductivity is high and ACEO ceases to play an important 
role, ETE can predominate, especially if the applied voltage is large. 
2.3 Fluid Dynamics 
In microchannels, the Reynolds number is expected to be very small which creates a 
laminar profile for the fluid velocity as shown in Figure 7.  The velocity of a fully 
developed fluid in a rectangular microchannel at any given height can be easily 
calculated using the simplified Stoke’s law as31 
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where 
! 
u
m
 is the mean velocity, H is the height from the surface of the electrode to the 
top of the chamber, h is the distance from the center of the particle to the electrode’s 
surface, Q is the flow rate, and W is the width of the chamber.  Since the velocity of the  
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Figure 7:  Velocity profile in a rectangular microchannel and the effect on a stationary particle 
near a surface under ACEK effects. 
 
 
fluid is computed with respect to the position of the particle near a plane, the thickness of 
the electrode and the electrical double layer can be taken in consideration when using the 
above equations.  As the particle is near the surface of the electrode as shown in Figure 
1C, surface effects must be considered as a drag force is exerted on the particle due to the 
fluid flow.  The hydrodynamic drag force imposed on a stationary particle near a surface 
by a moving fluid is given as49 
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where umax is the maximum velocity located at the center of the chamber and F*Drag is a non-
dimensional drag factor  given by the following polynomial for the limits from 1< (h/r) < 1.2 
as 
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which incorporates the wall effects with respect to the motion of a spherical particle parallel 
to a plane wall.  This frictional drag factor is based on the ratio between the radius of the 
particle and the distance from the center of the particle to the surface of the electrode.  It must 
be noted that the hydrodynamic force also exerts a lift force on the particle, which acts in the 
perpendicular direction. 
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CHAPTER 3: EXPERIMENTAL SETUP AND METHODS 
3.1 Experimental Vehicle 
As an AC electric field interacts with a suspension of particles, a range of induced effects 
must be considered affecting the motion of particles and fluids within a microchannel.  
This induced effects can only be produced by generating high electric field strengths 
using specifically designed microelectrode arrangements.  Therefore, the relationship 
between the behavior of particles and fluids with the geometry of the electrode is very 
important.  The particle and fluid manipulation strategy is to create novel electrode 
designs to carry on specific or muliple tasks.  The most widely used electrodes in ACEK 
manipulation have been co-planar and and surface-top electrodes.  In this study, co-
planar interdigitated electrode arrays have been chosen to carry on the study of particle 
and fluid manipulation due to certain advantages through out experiments and 
simulation.  Symetrical electrode arrays can induce steady non-uniform electric fields 
and equally steady viscous vortices when a AC potential is were coupled to a PDMS 
microchannel with an inlet and an outlet holes as shown in Figure 8.  The arrangement of 
the planar electrodes provides symmetrical distribution of the electric field as well as 
rotational fluid motion due to ACEO effects.  Consequently, the system can be model in 
2-D, which simplifies the model for numerical analysis. In addition, previously published 
 
 
Figure 8:  Schematic and original representation of the microchannel and electrodes 
applied.  The Symmetrical interdigitated parallel gold electrodes on a glass substrate 
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ACEK results have been conducted using interdigitated electrodes, which provides a 
better comparable study.  Other electrode designs such as castellated parallel, 
quadrupole and potential well electrodes were also used in this study (Appendix B). 
3.2 Microfabrication and Experimental Methods 
3.2.1 Electrode 
Thin-film microelectrodes were fabricated using microfabrication processes.  The electrodes 
(18.6 µm width and 20 µm gap) were created on a 3-inch diameter glass wafer.  
Photolithography was performed using Futurrex NR-7 1500PY negative photoresist, 
providing an undercut profile.  After baking, a clear field mask was used during UV 
exposure.  Final baking was conducted before developing and careful inspection of the 
electrode array.  RIE etching was then implemented to completely remove any resist left on 
the electrode patterns.  To make the electrodes, 100 nm of titanium and 100 nm of gold were 
evaporated onto the wafer followed by a lift-off process with RR5 stripper and acetone.  The 
diced pieces were cleaned in acetone, isopropanol and dried.  Further cleaning included 
treatment using Piranha solution. The fabrication process of the microchannel is shown in 
Figure 9a. 
3.2.2 Microchannel 
The PDMS microchannel was fabricated using micromolding techniques.  The 
microchannel mold (1.975 mm x 1.1 cm) was fabricated on a clean 2 x 2 inch pyrex glass.  
SU-8 2035 negative photoresist was used as the molding layer and spun onto the surface 
of the glass substrate.  After properly baking the substrate, a dark field mask was used to 
expose the photoresist to UV lights.  A final baking process was conducted before the 
developing process and final inspection was conducted.  
PDMS (1:10 ratio of elastomer base and curing agent) was then poured onto the mold 
substrate, degassed, and then baked properly towards a solid state.  The PDMS mold was 
then carefully pealed off and cut acordingly as the final PDMS microchannel.  Two holes 
were then punched through the ends of the microchannel and metal tubing (.01 in OD) 
inserted as inlet and outlet connectors.  The fabrication process of the microchannel is 
shown in Figure 9b. 
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Figure 9:  Microfabrication Process. (a) Electrode (b) Microchannel 
Following exposure and developing 
     Deposition of Ti/Au  
             Lift-off 
Glass Substrate with Futurrex 
NR-7 
Clear field mask on top of 
resist 
UV Exposure  
Following exposure and developing 
     Baked PDMS on mold  
PDMS Microchannel 
Glass Substrate with 
SU-8 1035resist 
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UV Exposure  
                                     (a)                                                                          (b)  
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3.2.3 Microchannel Height Measurement 
The height of the microchannel was conducted by sacrifying a PDMS microchannel mold 
and cutting it in half.  Using one side of the cutted piece, measurements were conducted 
using the Nikon microscope and calibrated measuring software.  The height of the 
microchannel was measured at 75 µm. 
3.2.4 Surface Treament 
The chamber of the microchannel was treated with corona discharges for 30 seconds.  The 
surface properties of the PDMS microchannel went from hydrophobic to hydrophilic.  In 
the other hand, the surface of the electrodes patterned on glass were cleaned and treated 
with fresh piranha solution for 30 minutes to also make the entire surfaces hydrophilic. 
3.2.5 Packaging 
A clean PDMS channel was placed over the gold electrodes with minor pressure to create 
good adhesion. The wires on the electrode were connected to a Hewlett Packard 33120A 
15MHz function generator.  The microchannel inlet tubing was then connected to a three-
way valve that also connected to the syringe pump.  The outlet tubing was connected to 
an empty recervoir.  To prevent leakage from the inlet/outlet holes, PDMS (1:10 ratio of 
elastomer base and curing agent) was poured around the holes and the metal tubing to 
completely seal the connections.  The syringe pump was activated to fill up the 
microchannel.  The particle solution was then inserted through the three-way valve using 
an external drug delivery syringe.  The syringe pump was then turned off when the 
microchannel was filled with particles to allow them to sediment onto the surface.  A 
peak-to-peak voltage was then applied at various frequencies.  The setup of the vehicle is 
shown in Figure 10. 
3.2.6 Solutions 
Two medium conductivities were used in the experiments and were measured at 23 ºC using 
a conductivity meter (Orion Model 105A+).  Proper amounts of KCl were added to deionized 
water to control the conductivity of the medium.  The deionized water conductivity was 
measured at 0.00007 S/m and the KCl added solution was measured at 0.0021 S/m. 
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Figure 10:  Vehicle setup 
 
 
 
3.2.7 Beads 
Polystyrene latex beads (purchased from Polysciences, Inc) in three diameters - 2 µm, 3 
µm and 4.74 µm - were suspended in an aqueous solution.   1 µL of each bead solution 
was suspended in 1 mL of both solutions for each 1 mL container.  The concentration of 
particles was kept very low to prevent  generating particle-particle interaction effects. 
Each sized-particle was tested individually and then all as a mixture.  The permittivity 
and conductivity of the particles were not provided by the vendor.  While the 
conductivity of each sized-particle was not found in the literature, it can be characterized.  
All beads were refrigerated and used at room temperature within one month. 
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3.2.8 Electrical Excitation 
Wire leads were attached to the electrodes using a conductive adhesive.  The electrical 
fields were created as the wire leads were connected to a Hewlett Packard 33120A 
function generator that can produce an excitation up to 15 MHz and 10 Vp-p.  The 
amplitude was kept below 2 Vp-p and the frequency above 1 kHz in order to prevent any 
electrolysis that may damage the electrodes. 
3.2.9 Fluidics 
Fluidic connections to the vehicle were made using soft and metal tubing.  Soft tubing of .1 
in, .2 in. and .3 in. inner diameters were purchased from 3M and used to connect all the 
components.  Metal tubing of .1 in inner diameter was also used in direct contact with the 
microchannel at the inlet and outlet.  Also, a three-way valve was created from the 
combination of different soft tubing diameters that enable the passage of the fluid into the 
microchannel and the external injection of the beads.   
3.2.10 Fluidic Actuation 
External flows were actuated using a syringe (1 mL BD plastic) connected to a syringe pump 
(11 plus, Harvard Apparatus).  The syringe and syringe pump were initially characterized to 
provide approximate flow rates.  Precise flow rate measurements were characterized by 
conducting experiments with the programmed flow rate of the syringe pump versus time 
and volume of the syringe.  A unit volume of water released from the syringe at a 
predetermine condition was compared to the calculated weighed value of the amount of 
water released.  This mass of water was then converted to volume using the density of the 
water.  It was found that a retardation coefficient of Q*= 0.93 was acting on the syringe due to 
the syringe pump.  This retardation coefficient was used in the calculation of the fluid 
velocity and body forces exerted on particles. 
3.2.11 Optics 
Particle motion was observed using a Nikon Eclipse ME600 microscope, NI-150 external 
illuminator and data recorded with a colour CCD camera purchased from Optical 
Aparatus Co. (Ardmore, PA).  Data was collected as a function of different flow rates and 
particle position near the surface of electrode. 
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3.3 Experimental Strategies 
Two different experimental strategies were implemented using two medium 
conductivities (0.00007 S/m and 0.0021 S/m). 
3.3.1 Static Condition 
Particles were suspended in the microchannel and were left to sediment onto the surface 
of the electrode.  Once the particles were settled on the surface after a few minutes, an 
electric field was applied to initiate the motion of particles and fluids.  A schematic 
representation of this condition is shown in Figure 11a.  The objective is to be able to 
differentiate the ACEK effects along the surface of the electrode with respect to the 
following parameters: 
3.3.1.1 Particle Size 
Three different particle sizes were used to characterize the ACEK effects.  Each particle was 
characterized individually with respect to the parameter conditions.  Polystyrene particles of 
2 µm, 3 µm and 4.6 µm were used to understand the effects of ACEK forces.  In the case of 
DEP, the force is proportional to r3, hinting that the radius of the particle may play an 
important factor. 
3.3.1.2 Frequency 
Since the AC electrokinetic effects are frequency dependent, the system was set at different 
frequency conditions to monitor at what particular frequencies particles are collected along 
the surface, collected at the edge or released from the edge of the electrode.  Frequencies from 
1 kHz to 1 MHz at different interval were applied. 
3.3.1.3 Amplitude 
The system was subjected to two different voltages: 1 Vp-p and 2 Vp-p.  The voltage was set at 
one particular parameter and then the frequency was varied.  The same procedure was 
followed as the voltage was increased.  The objective was to characterize the effects of 
particle motion as the voltage is increased.  Since DEP is dependent of $E2, the voltage can 
greatly impact the manipulation of particles.  For ACEO effects, the induced fluid velocity is 
also expected to increase since it is proportional to V2. 
 28 
3.3.1.4 Conductivity 
The conductivity of the medium is another key factor that determines the magnitude of the 
AC electrokinetic phenomena.  In this research, two conductivities were used to understand 
how each ACEK force is affected at different frequency conditions with respect to 
conductivity.  Conductivity plays a huge role in ACEO effects since it determines the 
thickness of the double layer, which in turn, can determine the strength of the ACEO velocity 
at the bulk.  For DEP, the CM factor depends greatly in the conductivity of the medium; in 
turn it can greatly impact the direction and magnitude of the DEP force. 
3.3.1.5 Dielectric Characterization 
The static strategy condition can also be used to determine at which particular frequency 
each particle is exposed to the crossover frequency where the shift from positive to negative 
DEP produces a net force equal to zero.  By setting the DEP force to zero, certain physical 
properties such as the conductivity of the particle can be calculated by using the crossover 
frequency relation for a homogeneous particle.  This property of null force can serve as a tool 
to recognize the potential for the separation of particles using DEP based on the difference of 
dielectric properties. 
3.3.2 Dynamic Condition 
Once the predominant motions of the particles under ACEK effects were qualitatively 
characterized, a pressure-driven flow was used to compete against the ACEK forces.  The 
direction of the flow is perpendicular to the parallel electrodes and parallel to the motion of 
the ACEO vortices.  This way, as particles moved on the surface of the electrode, the position 
of each particle is monitored and data is collected based on the varying flow rates.  A 
schematic representation of the dynamic condition is shown in Figure 11b.  The experimental 
setup for this condition was similar to the static condition, except that the frequency was 
fixed with respect to the predominant ACEK effects.  The objective of this experiment was to 
find equilibrium points near the surface of the electrode to as drag and ACEK forces compete 
against each other. 
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Figure 11:  Experimental strategy. (a) Static condition with an electrical excitation only. (b) 
Dynamic condition with an electrical excitation and pressure-driven flows. 
 
 
 
3.3.2.1 Particle Size 
Three different sized particles were also used for this experiment.  Polystyrene particles of 2 
µm, 3 µm and 4.6 µm were suspended individually and their motion on the surface of the 
electrode was monitored as the electric field induced forces to compete with the drag forces 
due to the external pressure-driven flow.  The size of the particles was characterized with 
respect to the input flow rates as drag forces alter the motion of the particles near the surface 
of the electrode. 
3.3.2.2 Conductivity 
The need for two different conductivities was to understand how the medium varied the 
magnitude of the ACEK forces.  As stated before, the conductivity plays an important role in 
ACEO effects and may determine why the motion of the particles on the surface of the 
electrode is more affected by ACEO or DEP. 
 ~ 
Flow 
   ~ 
(a) 
(b) 
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3.3.2.3 Flow Rate 
The flow rate was varied with respect to particle motion near the surface of the electrode.  
Necessary flow rates were actuated so that the particles move along the surface of the 
electrode or releases from the edge of the electrode. 
3.4 Simulation 
The overall aim of the simulation is to visualize the magnitude of the ACEK effects in the 
system and to determine variables needed to calculate the ACEK forces.  First, it is 
necessary to determine certain variables needed to calculate the tangential DEP force 
along the surface of the electrodes.  The Clausius-Mossotti factor and the tangential !E2 
can be easily simulated using MATLAB and COMSOL Multiphysics respectively.  
Second, the ACEO effects can be simulated to duplicate the vortices effect and to validate 
whether the current available equations can provide approximate solutions.  Last, the 
combination of ACEO effects and a pressure-driven flow can be simulated in order to 
determine the interaction between induced and external fluid velocities.  Since the 
system has been simplified to parallel interdigitated electrodes, a 2D simulation study 
can be carried along since each parallel electrode is very long compared to its width.  
3.4.1 Simulation Process 
The simulation strategy is shown in Figure 12.  Using COMSOL’s Multiphysics capabilities, 
three simulations were used to generate an understanding and validation of the motion of 
particles and fluids due to ACEK effects.  An electrostatic simulation toward the computation 
of the DEP force and the incompressible Navier-Stokes simulation for ACEO effects and fluid 
flow in a microchannel.  The geometry and details of each simulation are described below. 
3.4.2 Geometry and Boundary Conditions 
The 2D numerical simulation was carried out using COMSOL Multiphysics 3.3a.  A 293 
µm wide and 75 µm high chamber was designed with five electrodes on the bottom 
surface.  Each electrode was 200 nm thick and 18.6 µm wide.  The gap between each of 
the three electrodes was 20 µm.  This geometry along with the simulation boundary 
conditions is shown in Figure 13.   
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Figure 12: Simulation strategy 
 
 
3.4.3 Electrostatics Simulation 
A quasi-static potential field was calculated from the Laplace equation: 02 =! V  where V 
is voltage. The boundary conditions are zero charge everywhere except on the electrodes, 
where a voltage is applied. The outside electrodes receive a Vrms/2 potential and the 
center electrode has a -Vrms/2 potential.  The solved electric field is   
! 
r 
E = "#V .  Using the 
data for the electric field, the gradient of the field can then be determined along the entire 
geometry. 
3.4.4 Incompressible Navier-Stokes Simulation 
The incompressible Navier-Stokes simulation combines the effects of ACEO and the 
pressure-driven flow.  The boundary conditions for ACEO used for this simulation are no 
slip on the channel walls and zero pressure at the inlet and outlet.  The final boundary 
condition, that of the electrodes, is a slip condition determined by the ACEO analysis. 
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Figure 13:  Geometry dimensions and boundary conditions 1-glass, 2-electrodes -V, 3-
electrodes +V, 4-glass, 5-particle wall. 
 
 
 
The thin layer of liquid that experiences the ACEO force extends less than a few 
nanometers away from the surface.5  Since this is much smaller than the channel height, 
ACEO has been conventionally modeled as a slip velocity boundary condition.  To 
determine the velocity at the electrode, the time-averaged equation for AC electroosmotic 
slip velocity is used.  This function is used as the slip velocity boundary condition for the 
surface of each electrode.  Since the ACEO slip expression was derived from the center of 
the gap between the electrodes, it may easily be applied in the simulation.  
 The boundary condition for the fluid flow in the chamber were no slip on the channel 
walls, zero pressure at the outlet and mean velocity of the flow rate at the inlet.  The 
interaction between ACEO and the pressure-driven flows were conducted by combining the 
boundary conditions for pressure-driven flows and the ACEO slip velocity at the electrode.   
 The interaction between ACEO, pressure-driven flows and a stationary particle was 
conducted using the same boundary conditions described above but adding a stationary 
particle near the surface with no slip condition.  This allows for the particle to act like a solid 
geometry that is exposed to counter-acting flows. 
3.5 Conclusion 
The understanding of the motion of the particles at different parameter conditions is 
paramount in order to determine at what particular parameters each or the combined ACEK 
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forces are dominant.  Once this understanding is established, external forces can be applied 
to compete with these ACEK forces in order to characterize each force along the surface of 
the electrode.  This in turn, will lead to further enhance the overall understanding of ACEK 
effects. 
To achieve this goal, two experimental strategies were proposed in this chapter:  
Static motion of particles under ac electric fields and the dynamic motion of particles under 
the combination of ac electric fields and pressure-driven flows.  The parameter conditions 
that were employed during the experiments were clearly proposed.  Since low conductivities, 
low voltages and low frequencies were employed, the magnitude of ETE is negligible and 
were not considered. 
  Microfabrication techniques were employed to create the experimental device.  The 
same device was used through out the static and dynamic condition experiments to decrease 
any error risks that may result during testing and calculation of forces.  Special detailed was 
focused in the characteristics of the components necessary to achieve repetitive results. 
The simulation process was also established and the details with respect to the actual 
geometry of the device utilized during the experiments.  The boundary conditions with 
respect to the electric fields and viscous flows created were provided.  The use of the 
simulation would allow for the calculation of induced individual forces. 
The next chapters will follow up with the detail experimental results with respect to 
the strategies established in this chapter. 
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CHAPTER 4: STATIC MOTION SEQUENCE 
Using a microscope to observe the motion of particles under non-uniform AC electric fields, 
the versatility and dramatic capabilities of ACEK were visible as a function of frequency.  By 
simply adjusting the frequency of the applied voltage, a wide range of distinct, directed and 
highly organized particle behaviors can be perceived.  The immediate and rapid nature of 
this movement is striking, as particles become assembled or repelled within a few seconds, 
though this depends highly on the size of the particles and other experimental conditions.  
 The study of the motions of particles under AC electric fields was conducted at the 
parameter conditions established in the experimental strategy.  For each condition, the 
motion of the particles was observed and qualitatively analyzed individually.  Three 
objectives were set for this experimental study: (1) to understand how the particles behave at 
a range of frequencies of the applied potential (2) to determine at which frequencies particles 
are under statically dominant ACEK effects and (3) to determine the crossover frequencies 
for each particle at the given medium conductivities. 
4.1 Frequency Sequence at 0.00007 S/m 
4.1.1 Condition: 2 µm Particle at 1 Vp-p 
Initially, a low concentration of 2 µm polystyrene particles were suspended in the medium 
and were left to sediment onto the bottom surface of the microchannel as shown in Figure 
14a.  Once the particles were stationary at the surface, the function generator was set a 1 Vp-p 
and 1 kHz and connected to the leads of the electrodes.  The particles were immediately 
positioned at the center of the gold electrodes as shown in Figure 14b.  This behavior is 
explained as being dominated by ACEO effects and is usually understood as particle 
assembly.  When the frequency was set at 28 kHz from the previous parameter condition, the 
particles rapidly shifted toward the edge of the electrode but remained spinning or rotating 
from its center, the latter is not shown in Figure 14c.  The motion effect indicates that ACEO 
effects have diminished considerably along the surface of the electrode and that the particles 
are been attracted towards the higher fields under pDEP.  As the frequency was increased to 
100 kHz in Figure 14d, the particles became instantly fixed at the edge of the electrode under 
dominant pDEP effects.  This behavior entails that the ACEO effects are very inferior  
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Figure 14:  Frequency sequence experimental results for 2 µm polystyrene particles 
suspended in a medium with conductivity of 0.00007 S/m at 1 Vp-p. (a) Initial state, no 
potential (b) 1 kHz (c) 28 kHz (d) 100 kHz (e) 500 kHz and (f) 750 kHz. 
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compare to the magnitude of pDEP.  At 500 kHz as shown in Fig 14e, the particles remained 
on the edge of the electrode but not as fixed compared to the case at 100 kHz.  This suggests a 
decrease in magnitude of pDEP.  In Figure 14f, the particles were finally released rather 
rapidly from the edge of the electrode when the frequency was set at 750 kHz.  This effect 
was attributed to nDEP and is usually employed to repel or levitate particles toward the 
lower regions of the electric field.  As means to characterize the particles to be able to 
calculate the DEP forces acting on the particles, the DEP crossover frequency was monitored 
at around 580 kHz. 
4.1.2 Condition: 3 µm Particle & 1 Vp-p 
Similar to the case of 2 µm particles, 3 µm polystyrene particles were suspended in the 
medium and were left to sediment onto the bottom surface of the microchannel.  In this case, 
the particles settled much faster onto the surface compared to the 2 µm particles as shown in 
Figure 15a.  As the electrical signal was activated at 1 kHz, the particles were instantly 
positioned at the center of the electrode under surface compared to the 2 µm particles as 
shown in Figure 15a.  As the electrical signal was activated at 1 kHz, the particles were 
instantly positioned at the center of the electrode under dominant ACEO effects just like in 
the case of the 2 µm particles as shown in Figure 15b.  In Figure 15c, the signal was set at 28 
kHz and the particles were attracted toward the edge of the electrode under dominant pDEP.  
Since the particles relocated rather slowly toward the edge of the electrode, it can be 
proposed that the ACEO effects competed against pDEP effects.  Although with time the 
ACEO effects were overcome by the magnitude of pDEP.  The particles remained at the edge 
of the electrode under dominant pDEP effects even when the frequency was changed to 100 
kHz and 250 kHz as shown in Figure 15d-e respectively.  Finally in Figure 15f, the particles 
were released and pushed toward the middle of the gap dominant ACEO effects just like in 
the case of the 2 µm particles as shown in Figure 15b.  In Figure 15c, the signal was set at 28 
kHz and the particles were attracted toward the edge of the electrode under dominant pDEP.  
Since the particles relocated rather slowly toward the edge of the electrode, it can be 
proposed that the ACEO effects competed against pDEP effects.  Although with time the 
ACEO effects were overcome by the magnitude of pDEP.  The particles remained at the edge  
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Figure 15: Frequency sequence experimental results for 3 µm polystyrene particles 
suspended in a medium with conductivity of 0.00007 S/m at 1 Vp-p. (a) Initial state, no 
potential (b) 1 kHz (c) 28 kHz (d) 100 kHz (e) 250 kHz and (f) 500 kHz. 
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of the electrode under dominant pDEP effects even when the frequency was changed to 100 
kHz and 250 kHz as shown in Figure 15d-e respectively.  Finally in Figure 15f, the particles 
were released and pushed toward the middle of the gap between the electrodes at 500 kHz 
compared to the 2 µm particles as shown in Figure 15a.  As the electrical signal was activated 
at 1 kHz, the particles were instantly positioned at the center of the electrode under  
4.1.3 Condition: 4.6 µm Particle & 1 Vp-p 
As the previous two cases, the 4.6 µm polystyrene particles were suspended in the medium 
but rapidly sedimented onto the bottom surface of the microchannel as shown in Figure 16a.  
At 1 kHz in Figure 16b, the particles were instantaneously positioned at the center of the 
electrode under dominant ACEO effects just like the previous cases.  As the frequency was 
set at 28 kHz, the particles were slowly attracted toward the edge of the electrode as shown 
in Figure 16c.  Presumably, the particle is experiencing the competition of strong pDEP 
effects as well as ACEO effects.  At 56 kHz in under dominant nDEP.  The DEP crossover 
frequency was monitored at 300 kHz.surface Figure 16d, the particles were still under 
minimal pDEP effects but tending to switch over to nDEP.  The frequency was then set at 100 
kHz and the particles were taken to the center of the gap between the electrodes under 
dominant nDEP as shown in Figure 16e.  It can be considered that dominant pDEP effect is 
between 56 kHz and 100 kHz.  As the frequency was increased to 500 kHz in Figure 16f, 
particles were levitated further apart from the bottom surface.  The DEP crossover frequency 
was monitored at 80 kHz. 
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Figure 16: Frequency sequence experimental results for 4.6 µm polystyrene particles 
suspended in a medium with conductivity of 0.00007 S/m at 1 Vp-p. (a) Initial state, no 
potential (b) 1 kHz (c) 28 kHz (d) 56 kHz (e) 100 kHz and (f) 500 kHz. 
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4.1.4 Discussion 
4.1.4.1 Center Collection 
This behavior was observed for all the particle sizes.  The 2 µm, 3 µm and 4.6 µm polystyrene 
particles were collected at the center of the electrode at 1 kHz under the combination of 
strong ACEO effects and augmented pDEP effects as shown in Figure 17.  As the frequency 
was increased to less than 28 kHz, particles started to spread on the surface of the electrode, 
suggesting that the ACEO effects were diminishing and losing control over pDEP. 
 
 
 
 
 
 
 
 
 
Figure 17: Particle center collection under the combination of ACEO and pDEP effects. 
 
 
 
4.1.4.2 Edge Collection 
Particles were attracted toward the edge of the electrode at 28 kHz.  At this particular 
frequency, particles were no longer affected by the viscous drag of the ACEO effects; instead, 
pDEP was dominant and attracted the particles toward the edge as shown in Figure 18.  At 
100 kHz, 2 µm and 3 µm particles were fixedly collected at the edge under strong positive 
DEP while 4 µm particles were levitated. 
 
 
 
 
 
 
Figure 18: Particle edge collection under dominant pDEP. 
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4.1.4.3 Levitation 
Under nDEP, particles were pushed away from the higher field regions to the lower field 
regions.  This lower field region can be in between the electrodes at the gap, in the center of 
the electrode surface or a distance above the electrodes as shown in Figure 19. In the 
experiments for this conditions, all the particles experienced levitation but at different 
frequencies.  This effect occurred at frequencies higher than 500 kHz for 2 µm and 3 µm.  In 
the other hand, 4.6 µm particles released and levitated at a lower frequency just higher than 
80 kHz. 
 
 
 
 
 
 
 
Figure 19: Particle release and levitation from the edge of the electrode under dominant 
nDEP. 
 
 
 
4.1.4.4 Conclusion 
The frequency sequence for a fixed applied voltage was conducted using deionized water 
with a conductivity of 0.00007 S/m for three different sized polystyrene particles: 2 µm, 3 µm 
and 4.6 µm radius.  All the particles were exposed to three major effects: center collection, 
edge collection and levitation from the electrodes.  The major difference is that although all 
the particles experienced the same effects, the same effects did not appear at similar 
frequencies.  Dominant ACEO effects were observed at 1 kHz while dominant pDEP effects 
were observed at 100 kHz.  A combination of both effects seems to appear at low frequencies.  
Since the motion effects of the particles are frequency dependent, separation of particles can 
take place due to the different force magnitudes experience by each particle. 
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Figure 20: Frequency sequence experimental results for 2 µm polystyrene particles 
suspended in a medium with conductivity of 0.0021 S/m at 1 Vp-p. (a) Initial state, no 
potential (b) 1 kHz (c) 28 kHz (d) 100 kHz (e) 500 kHz and (f) 750 kHz. 
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4.2 Frequency Sequence at 0.0021 S/m 
4.2.1 Condition: 2 µm Particle & 1 Vp-p 
Initially, the 2 µm polystyrene particles were suspended and were left to sediment onto the 
bottom surface of the electrode as shown in Figure 20a. 
An electrical signal was then applied at 1 Vp-p and 1 kHz.  The particles immediately collected 
at the center of the electrode under dominant ACEO effects as shown in Figure 20b.  In 
Figure 20c, the frequency was increased to 28 kHz but the particles remained on the center of 
the electrode under dominant ACEO effects.  As the frequency was set at 100 kHz in Figure 
20d, the particles were no longer at the center but spread along the surface of the electrode 
toward the edge under a combination of diminishing ACEO effects and pDEP.  It can be 
noted that ACEO effects ranged from 1 kHz to 100 kHz.  In Figure 20e at 500 kHz, the 
particles were fixed at the higher region of the electric field under dominant pDEP and 
negligible ACEO effects.  Finally, the particles were released and levitated from the edge of 
the electrode under nDEP at 750 kHz as shown in Figure 20f. The DEP crossover frequency 
was monitored at 620 kHz. 
4.2.2 Condition: 3 µm Particle & 1 Vp-p 
As the previous case, the 3 µm polystyrene particles were left to sediment and settled onto 
the bottom surface of the microchannel as shown in Figure 21a.  In Figure 21b at 1 kHz, two 
different effects were visualized.  First, some particles were collected at the center of the 
electrode just like the 2 µm polystyrene particles under dominant ACEO effects.  Second, 
some particles were orbiting at the edge of the electrode resembling the path of the rotational 
fluid caused by ACEO effects.  The motion of the particles had its reference axis at the edge of 
the electrode and traveled toward the center of the electrode and then was levitated before 
reaching the center.  As the particles were levitated and dragged along the fluid motion, they 
were attracted back toward the edge of the electrode and continued its rotational path.  It can 
be concluded that the radius of the rotational path of the particles was close to a third of half 
the width of the electrode.  As the frequency was increased to 28 kHz in Figure 21c, all the 
particles were still subjected to orbiting but the radius of the rotational path of the particle  
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Figure 21: Frequency sequence experimental results for 3 µm polystyrene particles 
suspended in a medium with conductivity of 0.0021 S/m at 1 Vp-p. (a) Initial state, no 
potential. (b) 1 kHz (c) 28 kHz (d) 56 kHz (e) 100 kHz and (f) 250 kHz. 
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decreased to about one quarter of half the width of the electrode.  The rotational motion of 
the particles can be explained as a combination of ACEO and DEP effects.  As the particles 
were dragged along the surface of the electrode due to ACEO effects, the particles may have 
been levitated by hydrodynamic lifting forces allowing them to follow the path of the 
rotational fluid.  When the particles completed half the cycle of the rotational motion, the 
particles were then attracted toward the electrode under pDEP and continued the rotational 
path.  At 56 kHz in Figure 21d, the rotational motion of the particles was slower and the 
radius of the rotational path also decreased.  It can be suggested that the ACEO effects have 
greatly diminished but haven’t yet disappear.  The frequency was then set at 100 kHz and the 
particles were released slowly from the electrodes experiencing nDEP as shown in Figure 
21e.  Finally in Figure 20E, at 250 kHz the particles continued to levitate toward the lower 
regions of the electric field.  The DEP crossover frequency was monitored at 85 kHz. 
4.2.3 Condition: 4.6 µm Particle & 1 Vp-p 
As the previous cases, the particles were left to settle onto the bottom surface of the 
microchannel as shown in Figure 22a.  At 1 kHz in Figure 22b, the particles did not collect on 
the center of the electrode like in the previous cases; instead, all the particles followed the 
rotational motion described in the previous case of the 3 µm polystyrene particle.  In Figure 
22c, when the frequency was changed to 28 kHz, the radius of the rotational motion of the 
particle decreased while the motion of the particles was slower.  At 56 kHz, the particles were 
repelled toward the center of the gap of the electrode under normal nDEP as shown in Figure 
22d.  No signs of strong pDEP effects were observed since ACEO can be dominating this 
effect on the particles.  Finally, at 100 kHz the particles started to levitate from the surface of 
the microchannel as shown in Figure 22e.  The DEP crossover frequency was monitored at 28 
kHz. 
4.2.4 Discussion 
4.2.4.1 Center Collection 
The 2 µm and 3 µm polystyrene particles were collected at the center of the electrode at 1 
kHz.  While this effect was dominant for 2 µm particles, it was partially significant for 3 µm 
particles that also encounter other effects as shown in Figure 23.  This effect can be attributed  
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Figure 22: Frequency sequence experimental results for 4.6 µm polystyrene particles 
suspended in a medium with conductivity of 0.0021 S/m at 1 Vp-p. (a) Initial state, no 
potential (b) 1 kHz (c) 28 kHz (d) 56 kHz and (e) 100 kHz. 
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Figure 23: Particle orbiting and center collection under the combination of ACEO and pDEP 
effects. 
 
 
 
to strong ACEO effects especially for small particles.  In the case of 2 µm particles, dominant 
ACEO effects were observed to occur from 1 kHz to 100 kHz. 
4.2.4.2 Edge Collection 
Dominant pDEP effects were only observed for 2 µm particles at 500 kHz.  For the other 
particles, edge collection was not so visible since ACEO was dominant through out the low 
frequency sequence. 
4.2.4.3 Edge Orbiting 
This behavior exhibited the orbiting of particles relative to a reference axis above the 
edge of the electrode as shown in Figure 24.  The particles traveled from the edge in the 
direction toward the center of the electrode but were rapidly lifted upwards.  The 
particles then followed a rotational path past the electrode and then back toward the 
edge, completing one revolution.  The combination effect between pDEP and ACEO is 
proposed as the significant factor causing the orbiting of the particles.  With ACEO 
viscous effects causing the levitation and rotational path of the particles while pDEP 
attracts the particles back near the surface of the electrode to continue the orbiting 
pattern.  This behavior was observed partially for 3 µm and dominantly for 4.6 µm 
particles at a conductivity of 0.0021 S/m and 1 kHz as shown.  For the 2 µm particles at a 
conductivity of 0.0021 S/m and all the size particles at 0.00007 S/m, orbiting did not 
occur as particles were collected at the center of the electrode.  As the frequency was 
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increased to 28 kHz, the orbital motion of the particles decreased just as the ACEO 
effects decreased.  The contrast effects with respect to fluid conductivity and particle size 
provides further insights into ACEO flows.  It is understood that a conductivity of 0.0021 
S/m generates higher ACEO velocities than a conductivity of 0.00007 S/m.  It is also 
understood that larger particles are exposed to higher hydrodynamic forces exerted by 
viscous stresses.  As such, high ACEO velocities can cause certain size particles to 
levitate due to lifting forces caused by the ACEO bulk flow near the surface of the 
electrode.  Following this analogies, it can be proposed that the strength, significance and 
dominance within the ACEO bulk only spans a certain thickness near the surface of the 
electrode and varies with respect to fluid conductivity.  This ACEO bulk thickness in fact 
can be related to the collection and orbiting of particles based on their size. 
 
 
 
 
 
 
 
 
Figure 24: Particle orbiting under the combination of ACEO and positive DEP effects. 
 
 
4.2.4.4 Levitation 
Particles were easily levitated at different frequencies.  Smaller particles levitated at higher 
frequencies while larger particles levitated at lower frequencies. 
4.2.4.5 Conclusion 
The frequency sequence for a fixed applied voltage was conducted using a solution of 
dionized water added with KCl forming a conductivity of 0.0021 S/m for three different 
sized polystyrene particles: 2 µm, 3 µm and 4.6 µm.  The major effects observed at this 
conductivity were: center collection, edge orbiting, edge collection and levitation from the 
electrode.  Larger particles were not exposed to edge collection, in the other hand, orbiting 
was predominant as well as nDEP.  Dominant ACEO effects were observed at 1 kHz up to 56 
     ACEO & pDEP 
Electrode 
pDEP pDEP 
  ACEO 
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kHz while dominant DEP effects were observed at above 56 kHz, mostly nDEP.  A 
combination of both effects seems to appear at low frequencies.  Since the motion effects of 
the particles are frequency dependent, separation of particles can take place due to the 
different force magnitudes experience by each of the particles.  Also, characterization of 
ACEO effects can be effective under this conductivity since it seems that ACEO predominates 
over positive DEP.  Measurements of the ACEO effects would be more precise under this 
condition. 
4.3 Conclusions 
The frequency sequence for three different sized particles at two different conductivities was 
conducted at 1 Vp-p.  The motions of the particles were classified into four categories that 
result from the ACEK effects as a function of frequency: center collection, edge orbiting, edge 
collection and levitation.  Two different parameters were identified as suitable to perform 
further studies in the characterization of ACEK forces: dominant ACEO effects augmented by 
pDEP at 1 kHz and dominant pDEP at 100 kHz.  In addition, the use of different 
conductivities adjusted the prevalence and strength of some phenomena, restricted them 
completely or brought about entirely new phenomena altogether.  Finally, the crossover 
frequency obtained for each particle at different medium conductivities can facilitate the 
characterization of the conductivity of each particle and the calculation of the DEP forces 
acting on the particles. 
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CHAPTER 5: DYNAMIC MOTION SEQUENCE 
The understanding of the behavior of the particles in the static motion sequence brought 
about a few ideas for further studies. Under the influence of an AC electric field, two particle 
behaviors were classified as steadily stationary: center collection at 1 kHz and edge collection 
at 100 kHz.  Since the particles appeared to be trapped on the electrode at these parameter 
conditions, an approach to interrupt the steady state of the particle was implemented.  Using 
a well-controlled pressure-driven flow, the motion of the particle as drag and ACEK forces 
compete with each other was quantitatively characterized.  The objective of this experimental 
study was to monitor (1) the relocation of the particle on the surface of the electrode and (2) 
the release of the particles from the edge of the electrode as a function of flow rate. 
5.1 Particle Rolling 
The fluid velocity profile in a microchannel is normally recognized as laminar due to low 
Reynold’s numbers.  Since the size of the particles is in the micron scale, one could have 
assumed that the particles would just travel along the same velocity as the velocity of the 
fluid, however, that is potentially incorrect for certain cases.  Therefore, it is of great interest 
to monitor the motion of the particles near the surface of the electrode due to the external 
pressure-driven flow.  The particles were initially suspended in the medium and were 
allowed to settle onto the surface of the electrode.  Once the particles were in a stationary 
state, a pressure-driven flow was activated to monitor the motion of particles.  At 1 µL/min, 
the particles started to slowly roll on the surface of the electrode.  This indicates that although 
 
 
Figure 25: Measured particle velocity near the surface of the electrode. 
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the particles are dragged by the fluid flow, surface forces such as frictional forces may 
contribute to the rolling effects of the particles. It was observed that larger particles traveled 
faster than smaller particles, which proves the laminar profile theory in microchannels.  
When the flow rate was set at 5 µL/min, most of the particles did not roll on the surface; 
instead, they lifted a distance from the surface of the electrode and continued traveling much 
faster.  Since the study involves the manipulation of particles near the surface of the 
electrode, the extrapolation of particle velocities can be valid due the linearity of the velocity 
of the particle with respect to flow rates.  The velocities of the particles were approximately 
measured in terms of distance and time as shown in Figure 25.  
5.2 Flow-Particle Sequence at 0.0021 S/m 
The motion of the particles was observed as a function of flow rate and particle position at 
two different voltages and two different frequencies. 
5.2.1 Motion of 2 µm Particles 
5.2.1.1 Center Collection at 1 kHz 
Initially, the microchannel was filled and particles were injected through a 3-way valve.  The 
pressure-driven flow was then stopped and the particles were allowed to sediment and 
settled onto the surface of the microchannel.  An electrical signal was then applied at 1 Vp-p 
and 1 kHz.  Rapidly, the particles were collected at the center of the electrode under the 
combination of dominant ACEO effects and augmented pDEP.  The flow rate in the syringe 
pump was then programmed and activated at 1 µL/min.  The collection of the particles at the 
center of the electrode was not interrupted by the flow as shown in Figure 26a.  This indicates 
that the drag force acting on the particles due to the flow rate was not significant enough to 
compete against the ACEK forces, which is causing the particle to be positioned at the center 
of the electrode.  The flow rate was then increased to 2 µL/min and the particles slowly 
relocated 0.25 µm in the direction of the flow.  This indicates that the drag force acting on the 
particles due to the external flow is competing against the ACEK forces but is not sufficient to 
keep the particle relocation on the surface of the electrode.  Evidently, an equilibrium point 
was reached at 0.25 µm from the center of the electrode at 2 µL/min.  To keep finding other  
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Figure 26: Relocation results of 2 µm polystyrene particles on the surface of the electrode due 
to the combination of drag and ACEK forces for an applied voltage of 1 Vp-p. and medium 
conductivity of 0.0021 S/m.  The distance of the particle relocation was measured from the 
center of the electrode . (a) Center (b) 2.25 µm (c) 5 µm (d) 7 µm (e) 8.25 µm and (f) at edge. 
 
(a) Center @ 1 µl/min  (b) 2.25 µm @ 9 µl/min 
   
(c) 5 µm @ 15 µl/min  (d) 7 µm @ 17 µL/min 
   
(e) 8.25 µm @ 19 µl/min  (f) Edge @ 21 µl/min 
   
 Flow 
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equilibrium points, the flow rate was gradually increased as shown in Figure 26b-e.  As the 
particles on the surface relocated closer to the edge of the electrode, higher flow rates were 
necessary to create new equilibrium points.  This suggests that the ACEK forces near the 
edge of the electrode are stronger.  The particles reached the edge of the electrode at a flow 
rate of 0.0184 ml/min but remained stationary as shown in Figure 26f.  Finally, to release the 
particles from the edge of the electrode the flow rate was set at 23.9 µL/min.  This indicates 
that higher flow rates were necessary to completely overcome the combine effects of ACEO 
and DEP. 
5.2.1.2 Edge Collection at 100 kHz 
The electric signal was then set at 100 kHz and the particles were collected at the edge of the 
electrode under positive DEP.  A flow rate of 1 µL/min was then actuated to characterize the 
effects of pDEP versus drag on the particles.  As the flow rate was increased, the particles 
would only move slowly past the edge of the electrode.  The particles were finally released at 
7.36 µL/min.  This indicates that the DEP tangential component is a predominant force 
competing against the drag force acting on the particle due to the external pressure-driven 
flow. 
5.2.1.3 Voltage Dependence 
When the potential was set to 2 Vp-p at 1 kHz and 100 kHz, the particles were collected faster 
(compared to 1 Vp-p) toward the center and edge of the electrode respectively.  At 1 kHz, 
higher flow rates than at 1 Vp-p were applied to create equilibrium points along the surface of 
the electrodes.  In order to release the particles from the edge of the electrode at 1 kHz, the 
flow rate needed to release the particles from the edge was 147.2 µL/min, which is about 5 
times higher than at 1 Vp-p.  For the case of 100 kHz, the flow rate needed to release the 
particle from the edge was 25.76 µL/min, which is about 3.5 times higher than at 1 Vp-p. This 
indicates that the combination of ACEO and DEP effects acting on the particle have increased 
considerably with respect to voltage. 
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Figure 27: Relocation results of a 3 µm polystyrene particle on the surface of the electrode 
due to the combination of drag and ACEK forces for an applied voltage of 1 Vp-p. and 
medium conductivity of 0.0021 S/m.  The distance of the particle relocation was measured 
from the center of the electrode. (a) Center (b) 1.5 µm (c) 3 µm (d) 5 µm (e) 8.5 µm and (f) at 
edge. 
 
 
 (a) Center @ 1 µL/min  (b) 1.5 µm @ 4 µL/min 
   
(c) 3 µm @ 7 µL/min  (d) 5 µm @ 12 µL/min 
   
(e) 8.5 µm @ 14 µL/min  (f) Edge @ 15 µL/min 
   
  Flow 
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5.2.2 Motion of 3 µm Particles 
5.2.2.1 Center Collection at 1 kHz 
As the previous case, particles were left to sediment and settled onto the bottom surface of 
the microchannel.  When the applied voltage was set at 1 Vp-p and 1 kHz, the particles were 
positioned at the center of the electrode surface under dominant ACEO and augmented  
pDEP effects.  The flow rate was then programmed at 1 µL/min and as the fluid interacted 
with the particles, no distortion from the steady state was created from the center of the 
electrode as shown in Figure 27a.  When the flow rate was increased to 2 µL/min, the particle 
moved 0.5 µm from the center of the electrode in the direction of the flow.  This indicates that 
an equilibrium point was reached, but it can also be noted that the 3 µm particles where 
located 0.25 µm farther than the 2 µm particles at the same condition.  The reason for this 
could be that larger particles experience higher drag forces due to the fluid flow.  The flow 
rate was then gradually increased as equilibrium points were monitored on the surface of the 
electrode as shown in Figure 27b-e.  For the particles to reach the edge of the electrode, the 
flow rate was set at 13.8 µL/min as shown in Figure 27f.  Finally, the particles were released 
from the electrode at 15.64 µL/min. 
5.2.2.2 Edge Collection at 100 kHz 
When the signal was set at 100 kHz, the particles were not collected at the edge of the 
electrode under positive DEP.  Instead, the particles were levitated and no effect near the 
surface of the electrode was observed.  When the flow rate was actuated at 1 µL/min, the 
particles just followed the path of the laminar profile. 
5.2.2.3 Voltage Dependence 
At 1 kHz and 2 Vp-p, higher flow rates than at 1 Vp-p were applied to create equilibrium points 
along the surface of the electrodes.  In order to release the particles from the edge of the 
electrode at 1 kHz, the flow rate was set at 88.32 µL/min, which is about 5.5 times higher 
than at 1 Vp-p.  For the case of 100 kHz, the particles were initially orbiting much faster than at 
at 1 Vp-p on the edge of the electrode. This indicates that the combination of ACEO and DEP 
effects acting on the particles have increased considerably with respect to voltage.  When the 
flow was applied, the particles followed the direction of the flow without any interruption. 
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Figure 28: Plot of collected data for 2 µm and 3 µm polystyrene particles based on flow rate 
and position on the electrode.  Each point represents an equilibrium point as drag and ACEK 
forces compete.  The gold bar represents the electrode from the center of the electrode at 0 
and the edge electrode at 9.3 µm (a) Particle motion at 1 Vp-p and medium conductivity of 
0.0021 S/m. (b) Particle motion at 2 Vp-p and medium conductivity of 0.0021 S/m. 
 
 
 
5.2.3 Motion of 4.6 µm Particles 
5.2.3.1 Orbiting at 1 kHz 
Like the two previous cases, particles on the bottom surface of the microchannel were 
subjected to an electric field at 1 Vp-p and 1 kHz.  The particles did not collect on the center of 
the electrode; instead, were induced into a rotational motion at the edge of the electrode. 
When the flow rate was activated at 1 µL/min, all the particles followed the direction of the 
flow and were not influenced by the ACEK forces to remain on the electrode.  Therefore, 
characterization of the ACEK forces could not be determined for 4.6 µm particles.  Thus, this 
effect can be very advantageous when separating particles based on size. 
5.2.3.2 Orbiting at 100 kHz 
When the signal was set at 100 kHz, the particles were not collected at the edge of the 
electrode under pDEP.  Instead, the particles were levitated and no effect near the surface of 
the electrode was observed.  When the flow rate was actuated at 1 µL/min, the particles just 
followed the path of the laminar flow profile.  Increasing the voltage did no achieve any 
particle collection on the electrode. 
  (a)     (b) 
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5.2.4 Summary 
The complete range of equilibrium points generated on the surface of the electrode by the 
interaction of the pressure-driven flow and the ACEK effects is shown in Figure 28.  The 
combination effects of the ACEK and drag forces were monitored as a function of particle 
size and position on the surface of the electrode.  At 1 Vp-p and 1 kHz for 2 µm and 3 µm 
particles, many equilibrium points were obtained along the surface of the electrode using 
pressure-driven flows.  This effect suggests that the ACEO effects at those conditions are 
dominant along the entire surface of the electrode. 
The flow rates necessary for the different particles to reach the edge of the electrode 
were:  18.4 µL/min and 13.8 µL/min for 2 µm and 3 µm particles respectively.  This result is 
an indication that the drag force acting on the particles due to the pressure-driven flow is 
proportional to the radius of the particle and causes larger particles to be more affected by 
the flow.  Since DEP is also proportional to the radius of the particle, it is possible that larger 
particles could have been attracted toward the edge of the electrode.  Last, it may also 
suggest that the effect of ACEO decreases with respect to the size of the particle. 
The flow rates at which the particles were released from the electrode were 23.92 
µL/min and 15.64 µL/min for 2 µm and 3 µm respectively.  Again, larger particles were 
exposed to larger drag forces, which determined why larger particles were released faster.  
Although, it was noticed that the DEP force acting on the particles is not primarily 
determined based on the radius of the particle.  For the 4.6 µm particles, the collection on the 
center of the electrode did not occur, therefore, the characterization of the ACEK forces was 
not possible.   
When the electric field was set at 100 kHz, the particles were collected at the edge of 
the electrode under dominant DEP effects.  The flow rate needed to release the 2 µm particles 
from the edge of the electrode was 7.36 µL/min, while for the other particle sizes this 
procedure was not possible since the particles did not collect at the edge of the electrode. As 
the voltage was increased to 2 Vp-p, the particles experience higher ACEO and DEP effects.  
The flow rates necessary to compete against the ACEK forces were also increased as shown in 
Table 1. 
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Table 1: Particle manipulation based on flow rate at 1 kHz and 100 kHz 
 
Flow rate (µL/min) 
1 kHz 100 kHz 
At edge Released  Released  "
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1 V 2 V 1 V 2 V 1 V 2 V 
2 5.52 8.28 11.96 34.96 13.8 41.4 
3 5.52 6.44 10.12 24.84 11.96 35.88 
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00
00
7 
4.6 4.6 5.52 7.36 22.08 X X 
2 18.4 92 23.92 147.2 7.36 25.76 
3 13.8 46 15.64 88.32 X X 
0.
00
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5.3 Flow-Particle Sequence at 0.00007 S/m 
The motion of the particles was observed as a function of flow rate and particle position at 
two different voltages and two different frequencies for low conductivities. 
5.3.1 Motion of 2 µm Particles 
5.3.1.1 Center Collection at 1 kHz 
At 1 Vp-p and 1 kHz, the particles were rapidly collected at the center of the electrode 
under strong ACEO effects.  The syringe pump was then actuated at 1 µL/min and the 
particles relocated 0.5 µm in the direction of the flow, creating a new equilibrium point as the 
forces compete.  The flow rate was then increased to 2 µL/min and the particles continued to 
translate in the direction of the flow, generating another equilibrium point at 1.5 µm from the 
center of the electrode.  When the flow rate was set at 3 µL/min, the particles relocated much 
closer toward the edge of the electrode than expected, creating an equilibrium position at 8.6 
µm from the center of the electrode.  This indicates that ACEO still dominated over the drag 
force on the particle due to the fluid flow, while the attraction toward the edge by pDEP have 
increased considerably.  From the distance of 1.5 µm and 8.6 µm from the center of the 
electrode, it can be noted that the ACEO effects were still dominating over the combination of 
the flow rate and the DEP force.  The particles reached the edge at 5.2 µL/min and were 
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released at 11.96 µL/min.  This indicates that the pDEP effect is very strong at the edge of the 
electrode. 
5.3.1.2 Edge Collection at 100 kHz 
When the electric signal was set at 100 kHz, the particles were collected at the edge of the 
electrode under dominant pDEP.  A flow rate of 1 µL/min was then actuated to characterize 
the effects of pDEP versus viscous drag on the particles.  As the flow rate was increased, the 
particles only moved slowly past the edge of the electrode.  The particles were finally 
released at 13.8 µL/min.  This indicates that the DEP tangential component is the dominant 
force competing against the drag force acting on the particle due to the external pressure-
driven flow and that may it be higher than at 1 kHz. 
5.3.1.3 Voltage Dependence 
At 1 kHz and 2 Vp-p, higher flow rates than at 1 Vp-p were applied to create equilibrium points 
along the surface of the electrodes.  In order to release the particles from the edge of the 
electrode at 1 kHz, the flow rate was set at 34.96 µL/min, which is about 3 times higher than 
at 1 Vp-p. For the case of 100 kHz, the flow rate needed to release the particles from the edge 
was 41.4 µL/min, which is about 3 times higher than at 1 Vp-p. This indicates that the 
combination of ACEO and DEP effects acting on the particles have increased considerably 
with respect to voltage. 
5.3.2 Motion of 3 µm Particles 
5.3.2.1 Center Collection at 1 kHz 
At 1 Vp-p and 1 kHz, the 3 µm particles were collected at the center of the electrode under 
strong ACEO effects.  When the flow rate was actuated at 1 µL /min, the particle relocated 
0.75 µm from the center of the electrode in the direction of the flow.  As the flow rate was 
increased to 2 µL/min, the particles immediately relocated to 5 µm from the center of the 
electrode.  As the flow rate was increased to 3 µL/min, the particles relocated closer to the 
edge of the electrode at 8 µm from the center of the electrode.  This can be explained as strong 
ACEO effects near the edge of the electrode and partially strong DEP effects along the surface 
of the electrode.  The particles reached the edge of the electrode at 5.52 µl/min and were  
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Figure 29: Plot of collected data for 2 µm, 3 µm, and 4.6 µm polystyrene particles based on 
flow rate and position on the electrode.  Each point represents an equilibrium point.  The 
gold bar represents the electrode from the center of the electrode at 0 and the edge electrode 
at 9.3 µm (a) Particle motion at 1 Vp-p and medium conductivity of 0.00007 S/m. (b) Particle 
motion at 2 Vp-p and medium conductivity of 0.00007 S/m. 
 
 
 
released from the edge at 10.12 µL/min.  This result indicates that strong DEP effects at the 
edge are evident. 
5.3.2.2 Edge Collection at 100 kHz 
When the electric signal was set at 100 kHz, the particles were collected at the edge of the 
electrode under strong positive DEP.  A flow rate of 1 µL/min was then actuated to 
characterize the effects of positive DEP versus drag on the particles.  As the flow rate was 
increased, the particles only moved slowly past the edge of the electrode.  To release the 
particles from the edge, the flow rate was set at 11.96 µL/min.  This result indicates that the 
DEP tangential component is the dominant force competing against the drag force acting on 
the particle due to the external pressure-driven flow. 
5.3.2.3 Voltage Dependence 
At 1 kHz and 2 Vp-p, higher flow rates than at 1 Vp-p were applied to create equilibrium points 
along the surface of the electrodes.  In order to release the particles from the edge of the 
electrode at 1 kHz, the flow rate was set at 24.84 µL/min, which is about 2.5 times higher 
than at 1 Vp-p.  For the case of 100 kHz, the flow rate needed to release the particle from the 
edge was 35.88 µL/min, which is about 3 times higher than at 1 Vp-p. This indicates that the 
combination of ACEO and DEP effects acting on the particle have increased considerably 
with respect to voltage. 
   (a)     (b) 
 61 
5.3.3 Motion of 4.6 µm Particles 
5.3.3.1 Center Collection at 1 kHz 
When the electric field was applied at 1 Vp-p and 1 kHz, the particles collected at the center of 
the electrode under dominant ACEO effects.  A flow rate of 1 µL/min was then applied, 
causing the particle to translate a distance of 2 µm from the center of the electrode in the 
direction of the flow.  As the flow rate was increased to 2 µL/min, the particle move 5 µm 
from the center of the electrode, as the particles experience higher DEP and ACEO effects.  At 
3 µL/min, the particles moved even closer to the edge of the electrode at 8.6 µm from the 
center.  This implies that the drag forces acting on the particles due to the external flow does 
not overcome the ACEO effects.  The particles reached the edge at 4.6 µL/min and were 
released at 7.36 µL/min.  Strong DEP effects near the edge remain consistent. 
5.3.3.2 Orbiting at 100 kHz 
When the signal was set at 100 kHz, the particles were not collected at the edge of the 
electrode under pDEP.  Instead, the particles were levitated and no effect near the surface of 
the electrode was observed.  The flow rate was then actuated at 1 µL/min and the particles 
just followed the path of the laminar flow profile. 
5.3.3.3 Voltage Dependence 
At 1 kHz and 2 Vp-p, higher flow rates than at 1 Vp-p were applied to create equilibrium points 
along the surface of the electrodes.  In order to release the particles from the edge of the 
electrode at 1 kHz, the flow rate needed to release the particles from the edge was 22.08 
µL/min, which is about 3 times higher than at 1 Vp-p.  For the case of 100 kHz, the particles 
were initially orbiting much faster than at at 1 Vp-p on the edge of the electrode. This indicates 
that the combination of ACEO and DEP effects acting on the particle have increased 
considerably with respect to voltage.  When the flow was applied, the particles followed the 
direction of the flow without any interruption. 
5.3.4 Summary 
The complete range of equilibrium points generated on the surface of the electrode by the 
interaction of the pressure-driven flow and the ACEK effects is shown in Figure 28-29.  The 
combination effects of the ACEK and drag forces were monitored as a function of particle 
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size and position on the surface of the electrode.  At 1 Vp-p and 1 kHz for the 2 µm, 3 µm and 
4.6 µm particles, few equilibrium points were obtained along the electrode.  This result 
implies that at this condtion the ACEO effects and DEP compete along the entire surface of 
the electrode, with DEP having a major effect with respect to time.  The flow rates necessary 
for the particles to reach the edge of the electrode were 5.52 µl/min, 5.52 µl/min and 4.6 
µl/min for 2 µm, 3 µm and 4.6 µm particles respectively.  This is an indication that the drag 
forces acting on the particles due to the pressure-driven flow are directly proportional to the 
radius of the particle.  It can be suggested that positive DEP has a considerable effect to 
attract the particles closer to the edge of the electrode at the provided conditions.  
The flow rates at which the particles were released from the electrode were 11.96 
µL/min, 10.12 µL/min and 7.36 µL/min for 2 µm, 3 µm and 4.6 µm respectively.  Again, 
larger particles were exposed to larger drag forces, which determined why larger particles 
were released faster at lower flow rates.  When the electric field was set at 100 kHz, the 
particles were collected at the edge of the electrode under dominant DEP effects.  The flow 
rates needed to release the 2 µm and 3 µm particles from the edge of the electrode were 13.8 
µL/min and 11.96 µL/min, while for the 4.6 µm particle this procedure was not possible 
since the particles did not collect at the edge of the electrode.   
As the voltage was increased to 2 Vp-p, the particles experience higher ACEO and 
DEP effects.  The flow rates necessary to compete against the ACEK forces were also 
increased. 
5.4 Other Effects 
When the concentration of particles was too high, particle-to-particle interaction forces 
were significant as particles approached each other and close to the edge of the electrode.  
Therefore, keeping a low concetration of particles or making the use of a filtrating system 
can be very helpful technique to neglect unnecessary behaviors.   
Low conductivities such as 0.00007 S/m, are not reliable for flow-through 
manipulation.   The lack of ionic concentration reduces the effects of ACEO and reduces 
the efficiency of different-sized particle separation. In the other hand, the reason to use a 
medium conductivity at 0.0021 is because of the higher equilibrium points collected 
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experimentally and due to the negligible DEP effects under this conditions along the 
surface of the electrode. 
Another phenomenon observed was the particle movement along the length of the 
electrode while the ac field and the pressure-driven flow were applied.  This can be 
attributed to the misalignment of the microchannel with the electrodes.  It is paramount that 
the fluid flow is perpendicular to the length of the electrodes.  If for a mistake the 
microchannel is not positioned correctly, a velocity vector will generate particle motion along 
the length of the electrode. 
5.5 Conclusion 
The relocation of the particles on the surface of the electrode due to the combination of forces 
by the external pressure-driven flow and the ACEK effects were monitored for two medium 
conductivities at two different applied voltages with two fixed frequencies.  Data was 
collected in terms of particle position and flow rate, creating equilibrium points along the 
surface of the electrode. 
At a medium conductivity of 0.00007 S/m and 1 kHz, the effects of ACEO combined 
with pDEP seem to reign over the motion of the particles.  Few equilibrium points were 
collected since the attraction toward the edge of the electrode was significant.  This indicates 
that the ACEO effects are not significantly stronger than DEP.  In the other hand, the effects 
of ACEO predominated over DEP at a medium conductivity of 0.0021 S/m.  Several 
equilibrium points were collected along the entire surface of the electrode suggesting that the 
ACEO effects are dominant.   
At 1 kHz and 100 kHz at both conductivities, the releasing flow rates for each particle 
were different.  As a result, this effect can potentially be applied to separate particles based 
on size.  However, further studies must be conducted to fully understand the behavior of the 
particles as ACEK forces interact with pressure-driven flows.  The characterization of all the 
forces in this study can be determined by using each of the equilibrium points obtained.  
Once the forces are quantitatively determined, a further insight in the motion of the particles 
can lead to the verification of the ACEK effects toward new techniques for Lab-on-a-Chip 
applications. 
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CHAPTER 6: SIMULATION AND CALCULATION RESULTS 
Understanding particle and fluid behavior due to AC electrical fields is a complicated task.  
The motion of the particles near the surface of the electrode in this study has been attributed 
to the combination of ACEO, DEP and the drag forces acting on the particles.  The magnitude 
approximation of the interaction between ACEK effects and pressure-driven flows has been 
determined experimentally by observing the relocation of particles through a microscope.  To 
further enhance the understanding of the particle behavior, each of the forces can be 
calculated and quantitatively analyzed along the trajectory of the particle near the surface of 
the electrode.  The magnitude of each of the forces at the conditions applied experimentally 
can be used to validate which forces predominate the motion of the particles.  The overall 
objective of this chapter was to separately determine the forces contributing to the motion of 
the particle using the established theoretical background and numerical analysis.  In 
addition, further insight in the ACEO theoretical velocities was conducted reflecting certain 
limitations that cannot be applied to the experimental conditions in this study. 
6.1 Dielectrophoresis Computation 
DEP is a growing area of study in the manipulation of particles using electric fields.  In this 
particular study, the focus is in the attraction of particles toward the surface of interdigitated 
parallel electrodes under positive DEP by an AC electric field.  Therefore, the field view of 
study and calculation of DEP was narrowed at micrometers near the electrode.   There are 
three aspects that must be satisfied in order to calculate the DEP force acting on the particles.  
First is to determine the dielectric properties of the particles, in particular, the conductivities 
of the particles since are the only unknown physical properties.  Secondly, the real part of the 
Clausius-Mossotti factor must be obtained at a range of frequencies to prove the direction of 
the force with respect to the experimental results.  Lastly, the electric field gradient created by 
the applied voltage must be computed for interdigitated parallel electrodes, which in turn 
determines the magnitude of the force.  For spherical particles, the DEP force can be 
calculated using the time-averaged equation  
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6.1.1 Dielectric Properties 
The interfacial effects that cause the motion of the particles in an AC electric field depend 
greatly in the permittivity and conductivity of the particle and the medium.  The permittivity 
of the particles and the medium was found in the literature for a range of conditions.  The 
conductivity of the medium can be controlled with respect to salinity in the medium and is 
easily measured using a conductivity meter.  However, the conductivity of the polystyrene 
particles was not readily available but was measured using the DEP crossover frequency 
technique.  The frequency at which the DEP force is null was determined experimentally for 
each particle in Chapter 4.  Using this values and the crossover equation, the conductivity of 
the particles was determined at two different medium conductivities as shown in Table 2.  
Since the surface conductivity is inversely proportional to the radius of the particles, smaller 
particles were measured to possess larger conductivity values.  At a medium conductivity of 
0.0021 S/m, the conductivities for the 3 µm and 4.6 µm were measured very close to the 
medium conductivity.  This hints that the DEP force acting on these particles would be rather 
small or negligible. 
 
 
Table 2:  Dielectric properties based on the crossover frequency technique 
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2 580 0.00358 
3 300 0.00184 
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4.6 80 0.00047 
2 620 0.00394 
3 85 0.00214 
0.
00
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4.6 28 0.00210 
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6.1.2 Clausius-Mossotti Factor 
The Clausius-Mossotti factor is an indicator of the direction of the DEP force.  Thus, it may 
also contribute to the magnitude of the force.  Given that the dielectric properties of the 
system are already known, the real part of the Clausius-Mossotti factor was simulated using 
MATLAB for a range of frequencies as shown in Figure 30.  For both conductivities at low 
frequencies, the CM factor predicts that the particles will respond to a DEP attraction force 
toward the higher fields of the electric field and the opposite will occur at high frequencies.  
These results corroborate the motion of the particles at 1 kHz as explained in Chapter 4 and 5.  
Despite the fact that particles were not collected on the edge of the electrode, their position 
on the center of the electrode suggests that the viscous stress due to ACEO were more 
dominant a that particular condition.  The CM factor values for each particle with respect to 
frequencies at 1 kHz and 100 kHz are shown in Table 3.  It can be noted from the values 
computed that the CM factor actually alters considerably the magnitude of the DEP forces 
with respect to conductivity of the medium.  Higher forces would be obtained at a medium 
conductivity of 0.00007 S/m than at 0.0021 S/m. 
 
 
 
 
Figure 30:  Clausius-Mossotti factor plot at (a) 0.00007 S/m (b) 0.0021 S/m. 
 
 
 
 
 
 
    (a) (b) 
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Table 3:  Calculated CM factor and K value 
 
"
m
 (
S
/m
) 
P
ar
ti
cl
e 
(µ
m
) 
Re[#] 
@ 
1 kHz 
Re[#] 
@ 
 100 kHz 
K  
@ 
1 kHz 
K  
@ 
100 kHz 
2 0.940 0.666 4.18E-27 2.96E-27 
3 0.887 0.464 1.33E-26 6.97E-27 
0.
00
00
7 
4.6 0.642 -0.017 3.48E-26 -9.25E-26 
2 0.225 0.155 1.00E-27 6.93E-28 
3 0.006 -0.053 9.38E-29 -8.02E-28 
0.
00
21
 
4.6 7.76e-05 -0.059 4.20E-30 -3.20E-27 
 
 
6.1.3 Electric Field Simulations 
Another aspect in determining the DEP effects on particles is the electric field gradient 
distribution in the microchannel, which depends greatly in the arrangement and gap 
between the microelectrodes.  Using COMSOL Multiphysics, the electric field near the 
surface of the interdigitated parallel electrodes was simulated as shown in Figure 31.  
According to the simulation, higher region fields were generated near the edge of the 
electrode while lower regions were generated at the center of the electrode, the center of the 
gap in-between the electrodes, and a distance away from the electrodes. 
The relocational motion of the particles toward the edge of the electrode is 
augmented by the attraction of the tangential DEP force as observed in the previous chapter.  
To corroborate this hypothesis, first the tangential electric field gradient near the surface of 
the electrode was determined at 1 Vpp and 2 Vpp as shown in Figure 32a-b.  For each 
particle, the gradient was computed at a distance from the surface of the electrode equal to 
the thickness of the double layer plus the radius of the particle.  As illustrated, smaller 
particle are exposed to higher gradients since the distance from the edge toward the center of 
the particles is smaller compared to larger particles.  With respect to the aphkuplied voltage, 
at 2 Vpp the magnitude difference between is of 4 times than at 1 Vpp.  Also, it can be noted  
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Figure 31: Electric field simulation for 20 µm gap and 18.6 µm electrode width. 
 
 
 
Figure 32: Plot of the tangential component of !E2 that a 2 µm, 3 µm and 4.6 µm is exposed to 
near the surface of the electrode.  The distance from the electrode is 1.2 µm, 1.7 µm and 2.5 
µm for each particle respectively at 1 Vp-p and 2 Vp-p.  The gold bar represents the center 
toward the edge of the electrode. 
 
 
 
that the tangential component of the electric field gradient is highest near the edge of the 
electrode and decreases exponentially toward the center of the electrode. 
6.1.4 DEP Force Calculation 
At 1 kHz, the DEP force acting on three different sized particles was calculated at two 
different voltages for two different medium conductivities as shown in Figure 33.  In terms of 
conductivity, for 0.00007 S/m larger particles experienced larger DEP forces, while for 0.0021 
S/m smaller particles experienced larger positive DEP forces and for larger particles the  
 (a)     (b) 
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Figure 33: Tangential DEP force plot at for locations near the surface of the electrode with 
respect to 2 µm, 3 µm and 4.6 µm particles at 0.00007 S/m and 0.0021 S/m at 1 and 2 peak to 
peak voltages. 
 
 
 
positive DEP force is practically negligible.  In conclusion, at 0.00007 S/m the positive DEP is 
more dominant than at 0.0021 S/m.  This explains the consistent attraction that particles 
experience at 0.00007 S/m during the pressure-driven experiments. 
6.1.5 DEP Velocity  
The velocity at which particles would travel due to DEP can also be determined to further 
understand the motion of the particles.  The nominal velocity at which the particles will 
move to the attraction due to DEP was calculated as shown in Figure 34.  For 0.00007 S/m, 
smaller particles near the surface would in theory travel much faster near the edge of the 
electrode, while larger particles would experience higher velocities along the surface of the 
electrode.  At 0.0021 S/m, only the 2 µm particles near the edge of the electrode would 
experience any attraction at a considerable velocity. 
 
  (a) (b) 
    (c)  (d) 
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Figure 34: Tangential DEP velocity plot at for locations near the surface of the electrode with 
respect to 2 µm, 3 µm and 4.6 µm particles at 0.00007 S/m and 0.0021 S/m at 1 and 2 peak to 
peak voltages 
 
 
 
6.2 Fluid Dynamics 
6.2.1 Fluid Velocity Calculation 
The fluid velocity calculation was conducted very carefully since it is essential towards the 
quantification of the ACEK forces.  Special detail was placed in verifying the dimension of 
the microchannel and electrodes to have better approximate values for the velocities near the 
surface of the electrode.  The fluid velocity in a microchannel is usually governed as laminar 
and it was corroborated using numerical analysis as shown in Figure 35.   
For the purpose of this research, the velocity of the fluid was simplified linearly as to 
just affecting the particles at the center of the particles.  The velocity was calculated using 
Equation (20) and the adapted flow coefficient calculated in chapter 3.  Figure 36a shows the 
fluid velocity affecting each sized particles near the surface of the electrode with respect to 
flow rate.  The mean velocity was also calculated (Figure 36b) since it is required during the  
   (c)   (d) 
     (a)     (b) 
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Figure 35: Numerical analysis for fluid flow through a microchannel 
 
 
 
simulation of a 2-D microchannel in order to resemble the velocities with respect to flow near 
the surface of the electrode. 
6.2.2 Fluid Drag Calculation 
The drag exerted on the particles due to the viscous flows can be calculated using Equation 
(19).  It is evident that larger particles are exposed to larger drags compared to smaller 
particles as shown in Figure 37. 
6.3 ACEO Analytical Solution 
Ramos et al. have pioneer the area of ACEO by providing a theoretical understanding of this 
phenomena based on experimental results conducted using parallel plate electrodes.  Their 
experimental results where collected at 1 µm from the surface of the electrode by visualizing 
the motion of 557 nm particles through a side view camera.  The velocity was measured with 
 
 
Figure 36: (a) Fluid velocity plot for locations near the surface of the electrode with respect to 
2 µm, 3 µm and 4.6 µm particles. (b) Mean velocity used in the simulation. 
 
     (a)         (b) 
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Figure 37: Drag forces on particles due to the external fluid flow. 
 
 
respect to distance and time by analyzing video frames captured by a camera.  A simple RC 
circuit model was then adapted to theoretically represent the system.  The model consists of 
semicircular resistors connected to two electrodes and capacitors representing the electrical 
double layer.  As a result, the ACEO velocity is expressed as shown in Equation (11).  This 
equation is limited in the fact that is conductivity independent and that it does not provide 
the approximate velocities near the edge of the electrode. When comparing the values 
obtained using Equation (11) to experimental results conducted by Ramos et al as shown in 
Figure 38, 
 
 
 
Figure 38: Plot of the ACEO comparison between experimental and analytical results done by 
Ramos et al.  The polynomial represents the condition for 2 Vp-p,, 1.01 kHz and 0.0021 S/m. 
v=2.443E20x5-
1.704E16x4+4.293E11x3-
4.294E6x2+3.781x+1.668x-4 
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Figure 39: Plot of the (A) ACEO velocity and (B) body force analytical solutions for electrodes 
of 18.6 µm width, gap of 20 µm and medium conductivity of 0.0021 S/m at 1 Vp-p and 2 Vp-p. 
using Equation (11). 
 
 
 
it can be concluded that it does provide approximate velocities along the surface of the 
electrode except at 5 um from the edge electrode.  Since the electrodes in this study are only 
18.6 um in width, using this equation to approximate the ACEO values would be incorrect.  
Regardless of this issue, at 5 µm from the edge toward the center of the electrode the ACEO 
velocity can still be computed using Equation (11) to validate the proposed combination of 
ACEK phenomena approach using the equilibrium points as forces compete or to disprove 
the assumption that Equation (11) provides approximate solutions for the ACEO velocity. 
 Using the experimental conditions in this study, the ACEO velocity was computed 
using Equation (11) for 1 Vp-p and 2 Vp-p at a frequency of 1 kHz in a medium conductivity 
of 0.0021 S/m as shown in Figure 39a.  Since this velocity resembles the velocity at 1 µm from 
the surface of the electrode, it can be compare to the effects of 2 µm particle located near the 
surface of the electrode under the same effect.  Figure 39b shows the force that a 2 µm 
polystyrene particle would experience due to the ACEO effects near the surface of the 
electrode. 
6.4 ACEO Simulation 
The ACEO fluid velocity is normally simulated as a slip condition at the surface of the 
electrode using Equation (12).  Figure 40 shows the symmetrical vortices bulk flow caused at  
  (a)     (b) 
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Figure 40: ACEO velocity profile simulation 
 
 
 
Figure 41: ACEO and pressure-driven flow interaction 
 
 
 
the electrode when using Equation (11) as a slip condition at the surface of the electrode.  
Higher velocities were obtained near the edge of the electrode and while decreasing towards 
the center of the electrode.  Despite the resemblance of bulk motion between the simulation 
and experimental results, using Equation (11) as a boundary slip condition does not 
approximate the ACEO velocities near the surface of the electrode as previously shown. 
The reason for this is that Equation (11) predicts the velocities of the fluid at 1 µm 
from the surface of the electrode, and not at the surface.  To approximate the ACEO velocities 
near the surface, Equation (11) must be adapted and multiplied with a correction factor c.   
Even with the correction factor, the ACEO velocities near the edge of the electrode cannot be 
approximated using the provided equations. 
6.5 ACEO & Pressure-driven Flow Simulation 
Although Equation (12) does not provide precise ACEO velocities as a slip condition, it still 
can be used to resemble the bulk vortices created above the electrodes.  Thus, the interaction 
between the vortices and an external pressure-driven flow can be simulated to understand 
the motion of the fluid.  As shown in Figure 41, the incoming fluid interacts with one of the  
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Figure 42: ACEO and pressure-driven flow interactions with a stationary particle. (a) At 
center of the electrode with ACEO flow (b) At center with both ACEO and fluid interaction.  
(c) At 5 µm from the edge with both fluidic effects.  (d) Near the edge under both effects. 
 
 
vortices while the other vortex opposes the direction of the flow.  This implies that the 
relocational motion of a particle on the surface of the electrode under the influence of ACEK 
forces and a pressure driven flow is in effect correct.  This result opens the way to approach 
the motion of the particle as a linear approximation. 
6.6 Stationary Particle and Viscous Flow Simulation 
To further understand the effects of the interactions of the viscous flows, a particle was 
added to the previous simulation setup as a stationary sphere wall.  In Figure 42a, the 
stationary wall is positioned at the center of the electrode in order to resemble the collection 
of a particles due to the presumably combination of ACEO and DEP effects.  It can be noted 
that there are viscous forces acting on the particles that may result in the lifting of the particle 
from the surface.  In Figure 42b, a fluid flow was activated from one side of the channel and it 
     (a)     (b) 
   (c)   (d) 
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shows how the particle and the fluids vortices due to ACEO are affected.  Particles again are 
affected by higher lifting forces due to the fluid flow that continues to predict the motion of 
particles in an upward path if it was stationary on the surface.  The particle was then placed 
closer to the edge of the electrode at higher flow rates to resemble the effects  observed in the 
experiments as shown in Figure 42c-d.  It can be seen that as particles are exposed to higher 
flow rates, the effect of ACEO diminishes considerably.  This simulation is useful to realize 
that the collection of particles on the surface it is in fact caused by the lateral interaction 
between ACEO and DEP, but the retention of the particle on the surface, most likely may be 
due to surface effects. 
6.7 Discussion 
In Chapter 6, the relocation of particles on the surface of the electrode was attributed to the 
combination of ACEK forces and the drag induced on the particles due to the external 
pressure-driven flows.  As the particles relocated on the surface, equilibrium points where 
created were the net forces acting on the particles are equal to zero.  Since many equilibrium 
points were created at a medium conductivity of 0.0021 S/m, this condition can be used to 
validate the assumption that the particles are situated at the equilibrium points due to ACEO, 
DEP and drag forces.  The validation of this assumption can be conducted by calculating each 
force separately using the provided conventional equations for each phenomenon.  Table 4 
shows the forces acting on a 2 µm particle at ideal parameter conditions that allow for a 
perfect comparison at equilibrium points at 5 µm, 7 µm and 9 µm from the edge of the 
electrode.  The reason these points were selected was because the theoretical ACEO velocity 
equation in the literature should provide reasonable approximations past 5 µm from the edge 
of the electrode.  As it can be shown in Table 4, the DEP effects at either voltage at 1 kHz are 
negligible compared to ACEO or the drag forces.  Most importantly since equilibrium points 
were selected, each point should combine a net force equal to zero that would prevent the 
relocation of the particles unless the controlled forces are increased.   
At 5 µm from the edge at 1 Vp-p and 2 Vp-p, a net force of 1.24 pN and 6.86 pN were 
produced respectively.  These results indicate that the flow rates used to create an 
equilibrium point at that location were too high.  At 7 µm from the edge at 1 Vp-p and 2 Vp-p, a  
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Table 4: Characterization of ACEK and drag forces using the available theory at distances 
from the edge toward the center of the electrode.  The combination of ACEK phenomena 
model predicts a net force that does not result in equilibrium points as observed in the 
experiments. 
 
 
Force (pN) 
2 µm Particles at 1 kHz and 0.0021 S/m 
@ 5 µm @ 7 µm @ 9 µm E
ff
ec
ts
 
1 V 2 V 1 V 2 V 1 V 2 V 
pDEP 1.9E-02 6.79E-02 6.8E-03 3.1E-02 6.03E-04 5.81E-03 
ACEO 1.93 4.64 1.46 3.5 1.12 2.69 
DRAG 3.17 11.5 2.07 6.09 0.487 1.22 
NET 1.24 6.86 0.61 2.59 -0.8 -1.47 
 
 
net force of 0.61 pN and 2.59 pN were produced respectively.  These results also indicate that 
the flow rates used to create an equilibrium point at that location were too high.  Lastly at 9 
µm from the edge at 1 Vp-p and 2 Vp-p, a net force of -0.8 pN and -1.47 pN were produced 
respectively.  These results indicate that the flow rates used to create an equilibrium point at 
that location were not sufficient, suggesting that the ACEO forces acting on the particle are 
too high.  It is evident that the equilibrium points exist as observed experimentally, however, 
the ACEK and drag forces cannot be determined using one or all the equations provided in 
the literature. 
Meticulous efforts were employed to approximate the variables for calculating the 
forces acting on the particles.  As a result, the problem for not having the forces match the 
experimental results from Chapter 5 is not necessarily due to the variables employed, but 
more precisely due to the derivation of the forces.  DEP is a well-established phenomenon 
and can be approximated using the time average approximation equation along the entire 
surface of the electrode.  Drag forces acting on particles due to an external force near a 
surface has been studied for over 40 years and is also an established phenomenon.  However, 
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the derivation of the ACEO effect is still under study although approximations have been 
achieved.  Despite the great improvements in ACEO, there are certain limitations that set 
back the authenticity of the forces calculated using the provided equations in the literature. 
6.8 Conclusion 
Detailed computation of the ACEK forces has been conducted separately using the available 
theoretical equations.  The DEP forces calculated at a medium conductivity at 0.0021 S/m are 
negligible compared to forces at 0.00007 S/m.  Drag forces due to the fluid flows are 
proportional to the radius of the particles; therefore, larger particles experience larger forces 
than smaller particles.  The computation of the ACEO velocities near the surface of the 
electrode concluded that the equation provided in the literature cannot be implemented to fit 
the experimental equilibrium of forces observations and requires further studies.  In addition, 
the simulation of the ACEO velocity also requires further studies to resemble approximate 
velocities when using Equation (12) as a slip boundary condition.  At a conductivity of 0.0021 
S/m, DEP is negligible therefore the characterization of the ACEO effects can be possible 
with very good approximated velocities. 
The deterministic forces acting lateraly on the particles for the given 
experimental methods and according to the experimenatl results are ACEO, DEP and the 
viscous drag.  As the particle relocates on the surface of the electrode, it creates 
equilibrium points or stationary locations at which is under the influence of these 
deterministic forces.  Since it has been shown that the viscous interaction of ACEO and 
the viscous drag results in the linear combination of both forces and DEP, a linear model 
aproach can be applied to determine the ACEO force on the particle when an ac electric 
field is applied. 
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CHAPTER 7: FORCE BALANCE MODEL 
The previous chapter encouraged the need for a new method to compute better approximate 
ACEO viscous forces and velocities for planar electrodes.  It was proven that the equation 
provided by Ramos et al. could not be used to quantitatively determine the forces on 
particles due to the ACEO effects.  A new approach to quantitatively determine the forces 
and velocities due to ACEO effects can be achieved by using the combination of ACEK 
phenomena model proposed in Chapter 5.  This approach is with respect to the equilibrium 
points generated as particles relocated on the surface of interdigitated parallel electrodes due 
to the effects of ACEO, DEP and pressure-driven flows.  In this chapter, the ACEO forces and 
velocities will be computed for the parameter conditions in the experimental study.  Intensive 
analysis using this model will determine the degree of significance for each force acting on 
the particle at two collection conditions: center and edge collection.  It is the ultimate goal to 
be able to completely quantify the forces using this model toward the implementing this 
technique for Lab-on-a-Chip applications. 
7.1 Force Balance Model  
Recently, the motion of different single particles under such conditions has been reported.  
Initially, particles were steadily collected on the center or edge of co-planar interdigitated 
electrodes under dominant DEP and ACEO as shown in Figure 43a-b.  A pressure-driven 
flow was then used to compete along the ACEK effects while disrupting the unidirectional 
lateral position of the collected particles at different flow rates as shown in Figure 43c-d.  
Different net equilibrium points were obtained as particles relocated on the surface of the 
electrode until the particles were released.  The combination of forces governing the 
relocating behavior of the particles were identified as the attractive tangential DEP force and 
the counter-acting drag forces exerted by the pressure-driven flow and ACEO.  The total 
lateral net force exerted on the particle can be expressed as: 
 
 
  
! 
r 
F Net"x =
r 
F (#m, f )DEP"x +
r 
F (#m, f )ACEO"Drag +
r 
F DRAG (Q)  (24) 
 
The electric field spatial dependence of the ACEK effects allows for the characterization 
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of each phenomenon with respect to particle position on the electrode.  Provided the 
available solution for a shearing flow past a stationary particle parallel and near a plane 
wall, the ACEK effects can be characterized with respect to each equilibrium point 
obtained experimentally, in particular ACEO.  Still, certain details must be addressed.  
The non-uniform electric field imposes a directional dependence on the DEP and ACEO 
forces acting on the particles.  When using co-planar interdigitated electrodes, ACEO 
induces fluid motion from the edge toward the center of the electrode, maintaining the 
direction of the fluid constant at the given operational condition.  However, the DEP 
force exerted on a particle can change directions with respect to the position of the 
particle and the arrangement of the electric field.   
7.2 ACEO Bulk Forces along Surface  
Under the conditions of Vp-p = 1 V and 2 V at f = 1 kHz for, DEP and ACEO are the major 
forces that arise and under lateral equilibrium keep the  
 
 
 
 
  
 
 
Figure 43: ACEK force balance model. (a) Dominant ACEO over DEP, (b) Dominant DEP 
over ACEO, (c)-(d) Force balance between DEP, ACEO and drag forces. 
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Figure 44: ACEO body forces plot with respect to the combination ACEK phenomena model 
at a distance from the electrode with respect to 2 µm, 3 µm and 4.6 µm particles. (a) 0.00007 
S/m and 1 Vp-p, (b) 0.00007 and 2 Vp-p , (c) 0.0021 S/m and 1 Vp-p  and (d) 0.0021 S/m and 2 Vp-
p. 
 
 
particles positioned at the center of the electrode.  When a unidirectional fluid flow is 
introduced to compete against the ACEK forces, the particles translate on the direction of 
the flow depending on the magnitude of the drag force exerted on the particles.  
Equilibrium points were created as the forces compete with each other along the surface 
of the electrode.  The combination of the total forces acting on the particle from the edge 
toward the center of the electrode is just like Equation (23) where the drag force depends 
on the flow rate of the pressure-driven flow and the position of the particle from the 
surface.  While the ACEK forces depend directly on frequency, relative permittivity and 
conductivity of the particle as well as the position of the equilibrium point on the 
electrode.  The 2-D simplified combination of forces laterally as shown in Figure 43c  
become: 
 
   (a)    (b) 
     (c)     (d) 
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r 
F ("m, f )ACEO#Drag =
r 
F DRAG (Q) +
r 
F ("m, f )DEP#x  (25) 
 
 
It is important to keep in mind that this equation is only valid at the surface of the 
electrode.  Using the DEP and drag force values obtained in Chapter 6, the above 
equation can provide approximate ACEO body forces acting on the particles along the 
entire surface of the electrode.  The results as shown in Figure 44 indicate that at a 
medium conductivity of 0.0021 S/m, the ACEO body force was more uniform and greater 
than at 0.00007 S/m.  With respect to particle size, larger particles experienced large 
ACEO body forces which may be predicting why larger particles are forced to be 
levitated from the surface of the electrode due to the slip ACEO velocity. 
7.3 Combination Equilibrium at Edge 
Two scenarios can be represented with respect to the equilibrium of forces imposed on 
particles at the edge of the electrode: the use of a pressure driven flow (1) to compete 
against predominant ACEO over weaker pDEP effects at 1 kHz and (2) To compete 
against predominant pDEP over weaker ACEO effects at 100 kHz.  Under both scenarios, 
the particles are positioned at the edge of the electrode until an increase in the flow rate 
causes sufficient drag on the particle to shift over the edge as shown in Figure 43d.  Once 
the particles have reached and lapped over the edge of the electrode, the attraction of the 
particle toward the edge due to the tangential DEP force opposes the fluid flow.  The 
force balance expression then becomes: 
 
 
  
! 
r 
F ("m, f )DEP#x =
r 
F DRAG (Q) #
r 
F ("m, f )ACEO#Drag  (26) 
 
Using the calcualted ACEO viscous drag on the particle at 1 kHz following the previous 
method, this expression can be used to characterize the DEP effects at the highest region 
of the electric field.  The same procedure can be conducted at 100 kHz since the ACEO 
effects are practically negligible.  This model allows to test the DEP theory. 
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7.3 Equilibrium Discoveries 
The ideal case to validate the combination of forces model would be a net force equal to 
zero at the equlibrium point before the particles are released due to the external pressure-
driven flow.  This can be applied to the equilibrium of forces techniques at 1 kHz and 100 
kHz.  The significant difference would be that at 1 kHz ACEO predominates over DEP 
while at 100 kHz the opposite occurs. 
7.3.1 DEP Theory Test at 1 kHz 
The computation of the ACEO bulk forces acting on the particles using the force balance 
model was conducted along the surface and up to the edge of the electrodes.  This model 
at each equilibrium point remains in good agreement since the expression for the time-
averaged DEP force is valid away from the highest region of the electric field.  The 
validation of the model as the particles past the edge was conducted using the 
equilibrium at edge expression.  Using the available calculated forces, the net force at the 
particular instant where all particles are about to be released was found to be non-zero, 
which does not agree with the experimental observations where particles are on the edge.  
At 1 Vp-p, the net difference is very small compared to the magnitude of the independent 
forces.  This may indicate that the model is correct but more detailed computation of the 
DEP or drag forces must be considered.  At 2 Vp-p, the difference is rather large.  This 
implies that the cause of non-zero net force is most likely due to the tangential DEP force 
exerted on the particles at the edge of the electrode. 
7.3.2 DEP Theory Test at 100 kHz 
When the particles are positioned at the edge of the electrode at 1 kHz due to the 
pressure-driven flow, the ACEO force still competes at it’s highest magnitude with the 
drag force.  Therefore the magnitude of ACEO at the edge is still considered significant.  
In the other hand, at 100 kHz the ACEO effects are considered to be neglible and the 
major force opposing the drag force to release the particles from the edge is the  
tangential DEP force.  It is important to note that at 100 kHz under the force balance 
model, the ideal tangential DEP force can be estimated by just calculating the drag force  
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Table 5:  Characterization of forces using combination of ACEK phenomena model at a 
frequency of 1 kHz. 
 
Forces at  1 kHz (pN) 
Drag before  
 Release 
pDEP 
past edge 
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2 3.23 9.95 0.85 3.38 2.03 2.63 0.35 3.94 
3 5.90 15.35 1.09 4.91 4.22 4.50 0.46 5.94 
0.
00
00
7 
4.6 9.55 31.38 1.31 5.24 6.95 8.71 1.29 17.43 
2 6.32 39.2 0.20 0.82 5.07 25.3 1.05 13.08 
3 9.06 53.82 0.007 0.034 8.50 31.2 0.55 22.5 
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7.3.3 Net Force Analysis 
Since the force balance model was conducted at different conductivities, voltages and 
frequencies; few comparisons can be made with respect to the net forces calculated at the 
edge of the electrode as shown in Table 5-6.  At 1 Vp-p, 100 kHz and conductivity of 
0.00007 S/m, the DEP forces acting on just before the particles are released.  In turn, this 
technique can be used to validate whether the tangential DEP force acting on a particle at 
the edge of the electrode can be computed by just using the time-average equation.  It is 
known that the computation of the DEP force near higher and lower electric field regions 
requires considering higher orders for the force.  In addition, the DEP computation can 
also be affected since the electric field gradient simulation near the edge may be limited 
to obtain exact solutions.  To validate this model, the equilibrium at the edge model can 
be applied at a frequency of 100 kHz.  At this condition, it is expected to have the 
tangential DEP force equal to the drag force just before particles are released.  The 
computation of the forces when the particles are about to be released was tabulated in 
Table 6.  Like in the previous case, the net force at the particular instant where all the 
particles are about to be released is non-zero.  At 1 Vp-p, the difference is considerable  
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Table 6: Characterization of forces using combination of forces model at a frequency of 100 
kHz. 
 
Forces at 100 kHz (pN) 
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4.6 X X X X X X 
a
  
 
 
higher than at the previous technique.  Still, the net difference is much higher than the 
DEP force calculated using the DEP time-average equation.  At 2 Vp-p, the difference is 
even larger.  Again, this results implies some discrepancies with the calculation of the 
DEP force using the time average equation at the high regios of the electric field. At 1 Vp-p 
the 2 µm and 3 µm particles have a magnitude close to the 17% and 8.5 % of the net force 
values calculated respectively.  While at 2 Vp-p, the DEP force on each particle is about 
24% and 12% of the net force values.  At both voltages, the net force effects decreases by a 
factor of 2 with respect to the size of the particle but increases by a factor of 2.8 with 
respect to voltage for each particle.  At 1 Vp-p and 2 Vp-p at 100 kHz and a conductivity 
of 0.0021 S/m, the DEP forces acting on a 2 µm particles are about 7% and 8% of the net 
force values calculated respectively.  In can be suggested that the conductivity of the 
medium in fact plays an important role for calculating the effects of DEP at the highest 
region of the electric field. 
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7.4 Discussion 
As it can be shown from Table 5 and 6, the combination of ACEK phenomena model does 
not provide a clear understanding why particles are been released at higher flow rates 
than necessary.  It is clear that the DEP classical theory does not provide the necessary 
force magnitude to compete against the drag exerted on the particle by the pressure-
driven flow.  Higher orders of DEP may have to be included in the calculation to verify 
whether it is possible to explain this discontinuity.  Nevertheless, surface effects may 
play an important role that has not been considered yet. 
7.5 Conclusion 
In this chapter the ACEO forces and velocities were derived using the combination of ACEK 
phenomena model.  The model was split into two techniques:  equilibrium along the surface 
and the edge of the electrode.  The equilibrium at the surface technique was used successfully 
to calculate the ACEO effects along the surface of the electrode.  In the other hand, the 
equilibrium at the edge technique was used to characterize the DEP effects but agreement 
between the experimental values and theoretical solutions were not found.  By no means this 
a disadvantage; instead, it provides further insight in the continuum study of the ACEK 
effects. 
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CHAPTER 8: CONCLUSIONS 
The major contributions of this thesis will be discussed in this chapter.  In addition, new 
challenges will be addressed along with future work required to achieve further 
understanding of the ACEK effects. 
8.1 Thesis Contributions 
The contributions of this thesis are primarily in the area of AC electrokinetics.  It was 
demonstrated that using planar electrodes, external forces such as pressure-driven flows 
together with AC electrical forces lead to the characterization of ACEK effects.  The results in 
chapter 5 and 6 not only provide an insight in the understanding of the combination of 
ACEO and DEP effects, but also, demonstrate that these effects combined with pressure-
driven flows make a great tool for the flow-through separation of particles.  Simulation and 
calculation of drag and ACEK forces based on the static and dynamic experimental results 
were used toward the validation of the conventional theoretical understanding of the ACEK 
effects. 
 In the area of AC electroosmosis, the background check in the pioneering work by 
Ramos et al. revealed certain limitations in their experimental setup and analytical model.  
Using the combination of ACEK phenomena technique developed in this thesis, the ACEO 
force exerted on a particle was successfully calculated at different parameter conditions.  
Based upon the successful results gathered for the ACEO effects, the experimental strategies 
applied for interdigitated parallel electrode can be also applied for a variety of planar 
electrode designs. 
 In the area of Dielectrophoresis, it was demonstrated that the time-averaged 
analytical equation available does not provide approximate solutions very near the edge of 
the electrode.  This effect was demonstrated when the edge combination technique is not 
validated due to discrepancies in the magnitude of the tangential DEP force.  The results 
obtained can be very helpful for other researches that may be discouraged by uncertain 
results due to the lack of response of DEP.  Evidently, the effects of DEP have not been 
completely explained but the overall understanding was further enhanced using the 
combination of ACEK phenomena technique. 
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The experimental strategies proposed in this thesis successfully contributed toward 
the understanding of the ACEK forces.  Using interdigitated parallel electrodes, the 
quantitative measurement toward computing the dielectric properties of the polystyrene 
particles was conducted.  In addition, the quantitative measurement of the release flow rates 
as drag forces compete with the ACEK effects was successfully achieved.  The results 
demonstrated the potential that different sized-particles can be successfully separated using 
the propose technique. 
 Finally, by further understanding the effects of ACEO and DEP, better and more 
efficient electrode arrays can be design toward the development of Lab-on-a-Chip 
applications. 
8.2 Challenges and Future Work 
The combination of ACEK phenomena model has been proven to be a great technique 
toward the characterization of ACEK forces.  In addition, the controlled motion of particles 
and fluids on planar electrodes was observed and validated using this technique.  As a result, 
a variety of applications for Lab-on-a-chip systems can be developed. 
However, the overall understanding of AC electrokinetics has not been completely 
unfolded.  Several significant challenges remain to be considered in order to accelerate the 
development of new ACEK applications for LOCs.  These challenges can be related to a new 
derivation of ACEO bulk velocities, particle-surface effects, particle-electric field interactions, 
and particle-particle interactions. 
8.2.1 ACEO Bulk Velocities 
The calculation of the ACEO bulk forces acting on different sizes can be used to generate a 
force map through the surface of the electrode at the parameter conditions employed.  Using 
the force map, the bulk velocities at different regions above the electrode can be determined.  
This results can potentially allowed verifying the theories that have been publish in this area 
so far.  It can also enhance the methods currently used in the simulation of the ACEO effects. 
8.2.2 Particle-Substrate Interactions 
The interaction of target particles with a substrate in a suspension can be significant in the 
area of ACEK.  Particles have been observed to adhere permanently to the surface of different 
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substrates.  Even when external forces have been applied, some particles do not respond at 
all to these effects and remain stationary unchanged at the surface.  This effect may have to 
do directly with the physical properties at the surface.  The surfaces can either be 
functionalized to be hydrophobic or hydrophilic.  As such, this can result in different 
adhesion effects depending on the particles physical properties.  A partial remedy could be 
coating the substrate, but this could also bring some disadvantages with respect to 
phenomena that are induced near the surfaces such as ACEO.  
8.2.3 Particle-Electric Field Interactions 
It has been shown that AC electric fields can induce motion of particles with respect to their 
physical properties.  Local effects on particles as interaction occurs with the electric field have 
also been studied, resulting in fluid motion locally around the particle.  However, as particles 
are exposed to the highest strength of the electric field, in some cases, result in permanent 
trapping of particles.  In the case of planar electrodes, this occurs at the edges of the 
electrode.  This effect can greatly modify the physical properties of the particles and results in 
undesired effects.  Further studies must be conducted in order to prevent these interactions.  
For planar electrodes, coating of the edges of the electrodes can greatly reduce these effects. 
8.2.4 Particle-Particle Interactions 
Various groups have documented the interactions between particles in an AC electric field.  
Particles have been shown to cluster together and forming amorphous structures.  This effect 
is in fact very undesirable especially in DEP applications.  Further studies must be conducted 
to minimize this effect.  Perhaps novel electrode designs can be developed to enhance the 
electric field distribution that interacts with the particles or particles can potentially be coated 
to reduce this effect. 
8.2.5 Combination of ACEK Phenomena Applications 
Finally, combining the effects of ACEO and DEP along with external forces can be a great 
tool for a variety of applications.  These applications can range from the characterization of 
ACEK phenomena for different electrode designs toward techniques in separation, sensing, 
mixing and controlled transporting of bioparticles in Lab-on-a-Chip systems. 
 90 
 The simplicity of the interdigitated parallel electrodes was very useful in the 
characterization of ACEK phenomena.  The results in this thesis can be useful toward the 
design of more effective electrode arrangements to achieve specific functions.  As such, new 
electrode designs will still need to be characterized to understand the overall behavior of 
particles and fluids.   
In ACEO pumping, the results in this thesis have recorded the position of particles 
with respect to a pressure-driven flow in AC electric field for symmetrical electrodes.  These 
results act like libraries and can be used to characterize the velocities of induced ACEO 
pumps due to asymmetrical electrodes based on the location of the particle along the surface 
of the symmetrical electrode.  As the particle relocates on the surface of the symmetrical 
electrode, the fluid flow generated by the asymmetrical electrode can be characterized 
without using expensive equipment such as microPIV systems. 
 The results generated using the combination of ACEK phenomena model proved 
that the separation of particles based on size could be achieved.  When a population of 
particles is under the influence of ACEO and DEP simultaneously, the magnitude of the 
ACEK forces can considerably varied on each particle with respect to the operating 
conditions.  As a result, applying external forces such as pressure-driven flows can facilitate 
the flow-through separation of particles.  This idea can be applied to a variety of electrode 
designs that can lead to effective separation techniques that can achieve on batch or on flow-
through operations. 
 The collection of particles on the surface of the electrode by ACEO and DEP effects 
can also be used as a controlled transport mechanism.  The characterization of the ACEK 
forces was achieved by introducing a pressure-driven flow in a parallel direction with the 
effects of ACEO.  If the flow is placed in a perpendicular direction with respect to combined 
ACEO and DEP effects, the particles would translate on the surface along the length of the 
electrode as an assembly line.  This in effect can be very advantageous for other researches 
since the collection of particles in the center of the electrode is more likely to due to viscous 
effects by ACEO.  Therefore, is not limited to the DEP effects on the particles.  By adjusting 
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the electrode’s design to perform this task, a powerful tool for transporting controlled 
particles can be achieved. 
 The collection of particles near the surface of the electrode can be used as a sensing 
mechanism.  The planar electrodes can be attached or act as mincrocantilevers, QCMS, etc. 
toward the detection of various types of particles with respect to resonance frequency 
response.  Rapid mixing that can also be generated simultaneously with the binding of the 
particles can also enhance the detection response.  ACEO effects can greatly be used as a 
mixing mechanism.  Depending on the electrode arrangement, the mixing effects can be 
optimized. 
 Despite the existence of many challenges in the area of AC electrokinetics, the overall 
understanding of the phenomena will lead to the sophistication and integration of these 
techniques that can be used in the development of Lab-on-a-Chips applications for the life 
sciences and biomedical technologies. 
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APPENDIX A: LIST OF SYMBOLS 
 
 
Symbol Units Description  Symbol Units Discription 
c - ACEO correction 
coefficient 
 V V Voltage 
Cd F/m2 Diffuse layer capacitance  Vo V Voltage amplitude 
Cs F/m2 Stern layer capacitance  Vm m/s Mean velocity 
E V/m Electric field  <Vm> m/s Fluid velocity 
E* V/m Complex electric field  Vrms Vrms Voltage (vrms) 
EDL - Electric double layer  W m Width 
f Hz Frequency  x m Spatial coordinate 
fc Hz Crossover frequency  xg m Distance from gap of 
electrode 
FDEP N DEP force  y m Spatial coordinate 
FDRAG N Drag force  $  Non-dimensional 
frequency 
F*DRAG N Non-dimensional drag 
with wall effects 
 % F/m Permittivity 
FETE N Electrothermal forces  %o F/m Vacuum permittivity 
FACEOl N ACEO force  %m F/m Medium permittivity 
FViscous N Viscous forces  %
*
m F/m Complex medium 
permittivity 
h m Height of from surface  
to the radius center 
 %p F/m Particle permittivity 
H m Height of the chamber  %*p F/m Complex particle 
permittivity 
k - Thermal coefficient  &-1 m-1 Reciprocal debye length 
p C-m Dipole moment  ' Pa-s Viscosity 
Q µL/min Volume flowrate  " S/m Conductivity 
Q* µL/min Flowrate correction factor  "m S/m Medium conductivity 
r m Particle radius  "surface S/m Surface conductance 
T T Temperature  ( sec Relaxation time 
UDCEO µm/sec DCEO velocity  # rad/sec Angular frequency 
UDEP µm/sec DEP velocity  ) - Ion number density ratio 
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APPENDIX B: PARTICLE BEHAVIOR FOR OTHER ELECTRODES 
 
 
 
Using a microscope to observe the motion of particles under non-uniform AC electric fields, 
the versatility and dramatic capabilities of ACEK were visible as a function of frequency, 
voltage, and medium conductivity for a range of electrode designs.  These electrode designs 
(Figure 45) involved interdigitated parallel, interdigitated castellated, quadrupole, and 
potential well electrodes which have been used in the past to collect and concentrate 
particles.  Initially, the objective was to experiment the motion of particles for various 
electrode designs and verify whether collection or concentration of particles occur at different 
parameter conditions. 
 In these experiments, 2 µm particles were suspended in the medium without 
considering the effect of high concentration.  Two medium conductivities were used: 0.00007 
S/m and 0.05 S/m.  The frequency and voltage were varied with respect to particle motion.  
The behavior of the particles with respect to each electrode design is as follows: 
Interdigitated Parallel Electrodes 
The collection, levitation, and orbiting of the 2 µm particles were observed on the surface of 
the electrode as shown in Figure 50.  At 1 Vp-p, 1 kHz and 0.00007 S/m, particles were quickly 
gathered at the center of the electrode.  As the frequency was increased to 28 kHz, the 
particles started to shift toward the edge of the electrode.  At 100 kHz, particles were 
 
 
 
Figure 45: Electrode designs.  (a) Interdigitated Parallel. (b) Interdigitated Castellated. (c) 
Potential Wells.  (d) Quadrupole 
 
              (a)                                     (b)                                (c)                               (d) 
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collected at one side of the edge of the electrode.  This may be due to a pressure difference 
that creates unidirectional flow enough to shit the particles on the same direction.  At 500 
kHz, the particles on the edge of the electrode started creating particle chains.  Finally at 1 
MHz, the particles were released from the edge.  The same effect occurred as the voltage was 
increased to 2 Vp-p. 
 At 1 Vp-p, 1 kHz and 0.05 S/m, particles were induced into an orbiting motion from 
the edge of the electrode.  When the frequency was se at 28 kHz, particles as clusters, kept 
orbiting faster at the edge of the electrode.  At 100 kHz, the particles started forming particle 
chains from the edge of the electrode toward the gap.  At 500 kHz, the particles were released 
laterally from the edge of the electrode.  Finally at 1 MHz, the particles were levitated.  At 2 
Vp-p and same frequencies, the motion path of the particles were same except that the motion 
was faster. 
 It can be concluded from these experimental results that the collection of particles on 
the surface of the electrode would take place at low conductivities.  The motion of the 
particles was determined to be related to the combination of ACEK effects. 
Castellated Interdigitated Electrodes 
The motion of the particles for castellated electrodes was similar to the parallel electrodes 
case as shown in Figure 46.  For 0.00007 S/m, 1 Vp-p and 1 kHz, particles were collected at the 
center-cross of the electrode as a diamond shape.  At 28 kHz, the particles started to spread 
on the electrode.  At 100 kHz, the particles shifted and collected at the edge of the electrode.  
At 500 kHz, particles were released laterally and some formed chains.  Finally at 1 MHz, 
particles were released and levitated.  When the voltage was increased to 2 Vp-p, the motion of 
the particles were much quicker but remained to have the same behavior with respect to 
frequency. 
At 1 Vp-p, 1 kHz and 0.05 S/m, particles were induced into an orbiting motion from the edge 
and inner corners of the electrode.  When the frequency was se at 28 kHz, particles as 
clusters, kept orbiting faster at the edge and inner corners of the electrode.  At 100 kHz, the 
particles started forming diagonal particle chains at the inner corners of the electrode.  At 500 
kHz, the diagonal chains were fixed more orderly.  Finally at 1 MHz, the particles were 
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Figure 46: Experimental results with respect to frequency sequence for 2 µm polystyrene 
particles suspended in a medium with conductivity of 0.00007 S/m and 0.05 S/m at 1 Vp-p 
and 2 Vp-p using interdigitated parallel and castellated electrodes. 
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released from the inner corner of the electrode..  At 2 Vp-p and same frequencies, the motion 
path of the particles were same except that the motion was faster. 
Quadrupole Electrodes 
This electrode arrangement is normally used to trap particles at the center point of the gap 
created by the four electrodes.  In the experiments at low voltages and low frequencies, the 
particles were not able to trap the particles hinting that the predominant effects under this 
electrode are totally different than the previous two cases.  At 0.00007 S/m, high frequencies 
(1 MHz) and 
 
 
 
 
Figure 47: Experimental results with respect to voltage sequence for 2 µm polystyrene 
particles suspended in a medium with conductivity of 0.00007 S/m and 0.05 S/m at 10 MHz 
using interdigitated parallel and castellated electrodes. 
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low volates (2 Vp-p), particles were observed to slowly move toward the center of the gap.  It 
was concluded that the particles would only be trapped at high frequencies.  To clearly show 
solid particle trapping, the voltage was increased.  Particles rapidly started to cluster near the 
center of the gap.  Finally at 10 Vp-p, the particles were clearly collected in the center of the 
gap.  The same effect occurred at 0.05 S/m, but the motion of the particles weren’t as fast as 
the previous case.  The entire motion of the particles describe is shown in Figure 51. 
Potential Wells Electrodes 
The configuration of this electrode consists of parallel electrodes with a hollow square (well) 
along one of the electrodes.  At low frequencies, particles were slowly collected near the 
center of the electrodes.  At high frequencies (10 MHz), particles collected in the center of the 
well and center in between the gap of the electrodes.  The particles collected rather rapidly as 
the voltage was increased.  This result is shown in Figure 47. 
Collection of 200 nm Particles 
The versatility of ACEK was verified when 200 nm latex spheres were tested with castellated 
electrodes.  As it can be seen from Figure 48, particles at low frequencies were collected on 
the surface of the electrode and were levitated at higher frequencies.  For 0.00007 S/m, 1 Vp-p 
and 1 kHz, it can be seen that particles were only collected at the center of the electrode.  At 2 
Vp-p and same conditions, particles were observed to collect at the center and edge of the 
electrode.  As the frequency was increased, these particles remained on the edge of the 
electrode.  This result does con concord with the same case using 2 µm particles.  For 0.0021 
S/m, it can be observed that the particles were induced to orbit at the edge of the electrode, 
which agrees with previous results. 
Analysis 
Center Collection 
This effect can be attributed to the combination of ACEO and pDEP effects.   Particles were 
positioned at the center of the electrodes due to the lateral viscous forces acting on the 
particles.  As such, they were first attracted towards the higher regions of the field were the 
viscous forces are dominant. 
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Figure 48: Experimental results with respect to frequency sequence for 200 nm polystyrene 
particles suspended in a medium with conductivity of 0.00007 S/m and 0.05 S/m at 1 Vp-p 
and 2 Vp-p using interdigitated parallel and castellated electrodes. 
 
 
 
Edge Collection  
This effect is directly related to pDEP.  Particles were attracted toward the higher regions of 
the field.   As such particles were strongly positioned at the edge of the electrode. 
Orbiting  
This effect can be related to ACEO and ETE.  Since low frequencies and relatively low 
conductivities were used, it can be said that ACEO is more dominant.  The particles followed 
a rotational path that resembles the fluid vortices created by ACEO.  Although, the rotational 
motion is only created at the edge of the electrode, which may suggest that joule heating may 
be generating the viscous effects in that region. 
Levitation 
The release of particles from the electrodes is attributed to nDEP.  Particles levitate above the 
electrode where the strength of the electric field diminishes with respect to height. 
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Gap Collection 
This effect is related to nDEP.  It was observed for potential well and quadrupole electrodes, 
that particles collect at the lowest region of the electric field. 
Particle-Particle Interactions 
The effect of a high concentration of particles generated the interaction of particles at 
frequencies where the effects of pDEP were dominant.  It can be suggested that particles are 
attracted to each other with respect to the theory of DEP.  Depending on the desired 
technique, this effect may or may not be favorable. 
Conclusion 
The effect of ACEK to manipulate particles was shown for four different electrode 
arrangements: interdigitated parallel, castellated, quadrupole and potential wells.  It can be 
understood that these electrodes generate different electric field distributions responsible for 
the motion of the particles.  The collection of particles on the surface of the electrode can be 
advantageous for the study of the different phenomena that arise due to AC electric fields.  
As long as the concentration of particles is kept low, the motion of particles due to these 
effects can be characterized by using an external controlled force.  Finally, the use of 
interdigitated parallel electrodes can be advantageous for this study due to the simplicity and 
uniformity of the arrangement toward the simulation of the electric field distribution. 
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APPENDIX C: MICROFABRICATION RECIPE 
 
 
 
Electrode: Futurrex NR-7 1500PY 
Substrate cleaning Acetone – Methanol – Water rinse – Dry with compressed air 
Spin coating 
 
Spin speed for 40 seconds Thickness after prebake 
2000 1805-1995 nm 
Soft bake Prebake on hotplate at 150 degrees C for 60 seconds.  Cool down for 3 
min 
Expose 390 mJ/sq.cm at 365 nm per um of resist (17.72 secs at 22 mW/sq.cm) 
Post exposure bake On hotplate at 100 degrees C for 60 seconds.  Cool down for 3 min 
Developing Develop in RD6 developer: 
Pure developer: 10 secs for 2 µm. 
Rinse in DI water 
Resist removal (if 
required) 
RR5 stripper or acetone. 
Lift-off Acetone and RR4 for 3 minutes.  May need ultrasonic agitator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 104 
Microchannel: SU-8 2035 
Substrate cleaning Acetone – Methanol – Water rinse – Dry with compressed air 
Spin coating 1. Ramp to 500 rpm at 100rpm/sec and hold for 5-10 seconds 
2. Ramp to final speed as below at an acceleration of 300rpm/secand 
hold for 30 seconds 
 
Soft bake 
 
Cool gradually later on the hot plate turned OFF 
Expose 
 
Post exposure bake 
 
Cool gradually later on the plate turned OFF 
Developing Develop in SU-8 developer (PGMEA) 
 
Rinse with isopropanol briefly and dry with compressed air 
Hard Baking 
(optional) 
150 - 200 degrees C on hot plate 
 
  
 
 
 
